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(54) Switch for optical signals 

(57) A cross-connect switch for switching optical 
signals, in particular, Dense Wavelength Division Multi- 
plexed (DWDM) signals is disclosed. The switch in- 
cludes a switching matrix for each of the predetermined 
wavelengths of the DWDM signals. The switching ma- 
trices include Micro-Electro-Mechanical (MEM) sys- 
tems which have optically reflective elements, typically 
mirrors, arranged in rows and columns for switching an 
incoming optical signal travelling along a row of such 
elements to an output port aligned with a column of the 
elements. The switch has input demultiplexers to split 



an incoming DWDM signal into its component channel 
wavelengths, each of which is directed to a switching 
matrix where it is switched to an output port and recom- 
bined into an outgoing DWDM signal by a multiplexer 
before being transmitted out of the switch. A wave- 
length-converting switch, connected across the switch- 
ing matrices, is also included for switching channels be- 
tween wavelengths. Thus, the switch provides port 
switching by virtue of the switching matrices and chan- 
nel switching by virtue of the wavelength-converting 
switch, as well as a combination of both port and chan- 
nel switching. 
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Description 

Field of the Invention 

[0001] This invention relates to optical switches and 
is particularly concerned with switches for switching op- 
tical signals composed of light of predetermined wave- 
lengths, for example, Dense Wavelength Division Mul- 
tiplexed (DWDM) optical signals used in optical tele- 
communications. 

Background of the Invention 

[0002] Optical transmission systems achieve their 
end-to-end connectivity by concatenating multiple 
spans between intermediate switching nodes to achieve 
an overall end-to-end path. When the end-to-end gran- 
ularity of any given transmission path is a fraction of the 
capacity of a given optical carrier, time division multi- 
plexing is used to share the overall bandwidth, mandat- 
ing the use of electronic switching in the intermediate 
nodes. However, the availability of Dense Wavelength 
Division Multiplexing (DWDM), combined with the avail- 
ability of high capacity ports on data switches and rout- 
ers, has increased the demand for concatenation of in- 
dividual spans to make end-to-end connections at the 
wavelength level. 

[0003] DWDM optical networks transmit multiple 
channel signals on each optical fiber in the network; 
each channel signal is modulated light of a predeter- 
mined wavelength allocated only to that signal. The re- 
sult is a plurality of optical carriers on each optical fiber, 
each optical carrier carrying a channel signal separated 
from other carriers in optical wavelength. Current 
DWDM optical networks typically convert channel sig- 
nals into electrical signals at every switching node in the 
network because optical switches having sufficiently 
large enough port counts are not available. To convert 
the channel signals to electrical signals, transponders 
are used at every port of the switching node and for eve- 
ry channel wavelength. As DWDM signals become 
denser, that is, as the number of channels per optical 
fiber increases, the required accuracy of the transpond- 
ers, and hence the cost, also increases. Moreover, as 
the number of ports per switching node increases, the 
required number of transponders also increases. Con- 
sequently, large networks carrying dense DWDM sig- 
nals require many costly transponders and are therefore 
costly to build. 

[0004] To overcome this problem it has been pro- 
posed to build large, purely optical switches in various 
forms, to reduce or eliminate the need for opto-electron- 
ic conversion in order to switch channel signals electri- 
cally. Some effort has gone into conceiving methods of 
building very large switches that offer full connectivity 
between all their ports. However, fabrication of these 
large optical switches has proven difficult. 
[0005] Many attempts to create a large non-blocking 



optical switch use a large number of small switch mod- 
ules to create a multiple stage switch. One example of 
this envisages building a 128 port x 1 28 port switch out 
of three stages of multiple 16x16 crosspoint matrices, 
5 or a 51 2 x 51 2 port switch out of three stages of multiple 
32 x 32 crosspoint matrices, in a three stage CLOS ar- 
chitecture. The above is based on the availability of 16 
x 16 or 32 x 32 switch matrices in the form of Micro- 
Electro-Mechanical (MEM) switch matrices (e.g. "Free- 
ze space Micromachined Optical-Switching Technologies 
and Architectures", Lih Y. Lin, AT&T Labs-Research, 
OFC99 Session W14-1, Feb. 24, 1999). Other multi- 
stage approaches use smaller matrices and more stag- 
es. Even the 3 stage CLOS architecture is limited to 
is 512-1024 switched wavelengths with 32x32 switch ma- 
trix modules, which, in today's 1 60 wavelength per fiber 
DWDM environment, is only adequate to handle the out- 
put/input to 3-6 fiber pairs (480-960 wavelengths). Fur- 
thermore, the optical loss through each crosspoint stage 
20 (typically ~5 dB with a 16x16 or 32x32 MEMs device) 
is compounded by the use of three stages, plus a com- 
plex interconnect, to provide switch losses in the range 
of15-18dB. 

[0006] Such multi-stage switches, even at three stag- 
es es, have significant problems. These problems include 
high overall optical loss through the switch, since the 
losses in each stage are additive across the switch, and 
there is the potential for additional loss in the complex 
internal interconnect between the stages of the switch. 
30 Size limitations in terms of the number of wavelengths 
switched can be overcome by going to a five stage 
CLOS switch, but this further increases the loss through 
the switch as well as adding to its complexity and cost. 
Using current loss figures, the loss through a 5-stage 
35 switch would be in the order of 25-30 dB. This amount 
of loss is at or beyond the operating link budget of mod- 
ern high-bandwidth transponders. In addition, one of the 
major cost-centres is the cost of the MEMs switch mod- 
ules (or other small matrix modules). Sensitivity of the 
40 overall switch cost to the cost of the MEMS modules is 
exacerbated by the fact that a CLOS switch requires a 
degree of dilation (i.e. extra switch paths) to be non- 
blocking and that each optical path has to transit three 
(or five) individual modules in series. 
45 [0007] In U.S. patent 5,878,177 entitled "Layered 
Switch Architectures for High-Capacity Optical Trans- 
port Networks" and issued to Karasan et al., on March 
2, 1999, another approach is disclosed. This approach 
relies on providing signals received by a switching node 
so with access to any route leaving the node, but not ac- 
cess to every signal path (fiber) on those routes. In this 
way, Karasans switching node avoids the large number 
of switch points that a fully interconnected, or fully non- 
blocking, switch fabric would require. Although this ap- 
55 proach may be adequate at the node level, or even for 
small networks, it adds further complexity to network 
planning, which would become increasingly difficult with 
larger networks. 
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[0008] Some prior art approaches attempt to generate 
large, general purpose, non-blocking switches, which 
are then coupled to DWDM multiplexers for coupling into 
output fibers. This results in substantial waste of the ca- 
pacity and capability of the non-blocking generic switch- 
es, since the DWDM multiplexers are themselves block- 
ing elements on all their ports to any optical carrier ex- 
cept an optical carrier within the specific passband of 
that port of the multiplexer. Hence the non-blocking 
switch structure contains many crosspoints that direct 
specific input ports carrying a given wavelength to out- 
put ports that cannot support that wavelength, since it 
would be blocked in the WDM multiplexer. Such cross- 
points cannot be used in operation of the switch, and 
this wasting of crosspoints makes inefficient use of ex- 
pensive optical switching matrices. 
[0009] Optical transmission networks that rely on 
electrical switching and electrical regeneration at inter- 
mediate nodes require one pair of transponders per 
wavelength channel at each intermediate switching 
node. Consequently, as the number of wavelength 
channels per fiber grows, the number of transponders 
and the resulting costs grow in proportion to the number 
of wavelength channels. 

[0010] Optical transmission networks that rely on 
"opaque" optical switching and electrical regeneration 
at intermediate nodes experience the same growth in 
transponder number and cost. (In "opaque" optical 
switching, incoming optical signals are converted by 
transponders into different optical signals that are 
switched optically before being converted by further 
transponders to different optical signals for further trans- 
mission.) 

[0011] However, in optically switched networks that 
use cascaded optical amplifiers to compensate for fiber 
loss on each span and for optical insertion loss of the 
optical switches, each optical amplifier simultaneously 
amplifies all wavelength channels on each fiber without 
the use of transponders. Consequently, the number and 
cost of the optical amplifiers does not grow with the 
number of wavelength channels per fiber, and the cost 
benefits of optically switched and amplified networks rel- 
ative to electrically switched and regenerated networks 
increases with the number of wavelength channels per 
fiber. 

[0012] Moreover, the cost advantages of optically 
switched and amplified networks over electrically 
switched and regenerated networks grow even faster as 
the maximum distance between electrical regeneration 
points grows, because optically switched and amplified 
networks can benefit from that increased optical reach 
by eliminating transponders. In contrast, electrically 
switched networks require a pair of transponders per 
wavelength channel at each intermediate switching 
point even if the optical range exceeds the distance be- 
tween switching points. 

[0013] Consequently, there is a substantial advan- 
tage in designing optical transmission networks such 



that the majority of wavelength channels can be routed 
end-to-end via optical switches and optical amplifiers, 
without the use of transponders on a per channel wave- 
length basis at intermediate sites or nodes. This leads 
5 to a need, previously unaddressed, for an optical cross- 
connect switch optimized for establishing per-wave- 
length paths from end-to-end, as opposed to a large 
opaque optical switching fabric designed to be located 
between banks of transponders. 

10 

Summary of Invention 

[0014] This invention aims to provide an improved 
cross-connect switch which is well adapted for applica- 
15 tion to high capacity Wavelength Division Multiplexed 
(WDM) and Dense WDM (DWDM) transmission net- 
works. 

[001 5] A first aspect of the invention provides a cross- 
connect switch comprising a plurality of switching ma- 

20 trices and a wavelength-converting intermatrix switch. 
Each switching matrix has multiple input ports, multiple 
output ports, at least one inter-matrix input port and at 
least one inter-matrix output port. Each switching matrix 
is operable to switch an optical channel signal arriving 

25 on any input port to either any one of a plurality of the 
output ports or an inter-matrix output port. Each switch- 
ing matrix is also operable to switch an optical channel 
signal arriving on any inter-matrix input port to an output 
port. Each switching matrix is further operable to switch 

30 optical channel signals having a respective distinct 
wavelength. The wavelength^converting inter-matrix 
switch is connected between the inter-matrix output 
ports of the switching matrices and the inter-matrix input 
ports of the switching matrices. The inter-matrix switch 

35 is operable to switch a channel signal arriving from any 
inter-matrix output port of any switching matrix to an in- 
ter-matrix input port of any of a plurality of other switch- 
ing matrices. In switching a first channel signal having 
a first wavelength from an inter-matrix output port of a 

40 first switching matrix to an inter-matrix port of a second 
switching matrix, the wavelength-converting inter-ma- 
trix switch is operable to convert the first channel signal 
having the first wavelength to a second channel signal 
having a second wavelength. 

45 [0016] Preferably, each switching matrix is operable 
to switch a channel signal arriving on any input port to 
any of the output ports. Furthermore, in such switches, 
the inter-matrix switch is operable to switch a channel 
signal arriving from any inter-matrix output port of any 

so switching matrix to an inter-matrix input port of any of 
the other switching matrices. In this way, when net- 
worked together, such cross-connect switches provide 
increased flexibility in switching channel signals, there- 
by reducing the complexity of network planning as com- 

55 pared to other approaches. 

[0017] This arrangement between the switching ma- 
trices and the inter-matrix switch enables the assign- 
ment of each switching matrix to a respective channel 
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wavelength of a WDM system. Channel signals having 
a particular wavelength can be routed through the cross- 
connect switch in the switching matrix assigned to that 
respective wavelength. Because this routing is through 
a single optical switching matrix, the optical loss can be 
relatively low. 

[0018] When the next span of an end-to-end path 
does not have a particular channel wavelength available 
for a channel signal, the channel signal needs to be 
cross-connected to another channel wavelength. This 
cross-connection requires transponders to perform the 
necessary optical carrier wavelength conversion. This 
can be done by routing the channel signal, of a first 
channel wavelength, through a first switching matrix as- 
signed to the first wavelengh, to an inter-matrix output 
port of the first switching matrix. The channel signal is 
then routed from the inter-matrix output port of the first 
switching matrix to the wavelength-converting inter-ma- 
trix switch. The wavelength-converting inter-matrix 
switch converts the channel signal of the first wave- 
length to a channel signal of a second wavelength. The 
channel signal of the second wavelength is then routed 
to an inter-matrix input port of a second switching matrix, 
which is assigned to the second wavelength. The chan- 
nel signal of the second wavelength is then routed to an 
output port of the second switching matrix, which com- 
pletes the routing through the cross-connect switch to 
the next span, as required. Since wavelength conver- 
sion is only done as necessitated by network con- 
straints, the cross-connect switch requires substantially 
fewer transponders than switches that convert all chan- 
nel signals to electrical signals, or to a common channel 
wavelength, prior to switching. 
[001 9] Each switching matrix may have multiple inter- 
matrix output ports, and the wavelength-converting in- 
ter-matrix switch may comprise multiple switching ele- 
ments connected in parallel. In this case, each inter-ma- 
trix output port of a particular switching matrix may be 
coupled to a respective one of the switching elements 
of the wavelength-converting inter-matrix switch. This 
arrangement provides multiple paths for routing a signal 
from one switching matrix through the inter-matrix 
switch to another switching matrix, thereby reducing po- 
tential for blocking in the inter-matrix switch. 
[0020] Moreover, the physical interconnection be- 
tween the multiple switching elements and the plurality 
of switching matrices may be accomplished efficiently 
by orienting the switching elements into a first set of par- 
allel planes that are orthogonal to a second set of par- 
allel planes into which the switching matrices have been 
oriented. For example, the switching matrices could be 
implemented on horizontally oriented switching cards 
and the switching elements fabricated on vertically ori- 
ented convertor cards, or vice versa. This physical ar- 
rangement allows the two orthogonal sets of parallel 
planes to be intersected by a third orthogonal plane, or- 
thogonal to both sets of parallel planes, whereby each 
switching matrix of the second set of parallel planes can 



be brought into a proximal relationship, and optically in- 
terconnected, with each switching element of the first 
set of parallel planes. For example, a midplane repre- 
senting the third orthogonal plane can be used to guide 
5 the switching cards and the convertor cards into a close 
physical arrangement, in which the switching and con- 
vertor cards can be optically interconnected with appro- 
priate optical connectors on the cards and the midplane. 
[0021] The inter-matrix switch may comprise at least 
10 one "add" input port and at least one "drop" output port. 
In this case, the inter-matrix switch is operable to couple 
an "add" input channel signal arriving at the "add" input 
port to an inter-matrix input port of any switching matrix, 
and to couple a channel signal arriving from an inter- 
15 matrix output port of any switching matrix to the "drop" 
output port. These features enable the cross-connect 
switch to "add" channel signals (i.e. to insert traffic sig- 
nals at the cross-connect switch) and "drop" channel 
signals (i.e. extract traffic signals at the cross-connect 
20 switch) in addition to routing through channel signals. 
[0022] The cross-connect switch may further com- 
prise a plurality of wavelength division demultiplexers 
and a plurality of wavelength division multiplexers. Each 
demultiplexer is operable to separate an optical input 
25 signal into a plurality of output channel signals having 
respective distinct wavelengths. The demultiplexer ap- 
plies each output channel signal to a respective input 
port of a respective switching matrix such that each 
switching matrix receives only channel signals having a 
30 respective distinct wavelength. Each multiplexer has a 
plurality of inputs, each respective input of each multi- 
plexer being coupled to an output port of a respective 
switching matrix to receive a respective channel signal 
having a respective wavelength. Each multiplexer is op- 
35 erable to combine channel signals having distinct wave- 
lengths into an optical output signal. 
[0023] Such wavelength division demultiplexers and 
wavelength division multiplexers are normally associat- 
ed with the cross-connect switch and may be packaged 
40 as part of the cross-connect switch. In this case, the 
wavelength division multiplexers and demultiplexers, 
implemented either separately or in combination on cir- 
cuit cards, could have an orthogonal physical relation- 
ship with the plurality of switching matrices, in order to 
45 achieve efficiency in interconnection as described ear- 
lier. The demultiplexer receives an optical signal com- 
prising multiple channel signals, each channel signal 
comprising an optical carrier at a respective distinct 
wavelength having a respective traffic signal modulated 
so on the carrier signal. The demultiplexer separates the 
channel signals onto respective outputs for coupling to 
the switching matrices, each switching matrix receiving 
only channel signals at one of the distinct wavelengths. 
The multiplexer receives multiple channel signals, each 
55 having a different respective wavelength from respec- 
tive switching matrices and combines the multiple chan- 
nel signals for transmission on a single output fiber. In 
this arrangement, every cross-point of every switching 
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matrix is usable, i.e. none of the cross-points route chan- 
nel signals at a particular wavelength to a WDM multi- 
plexer port that is unable to pass channel signals at that 
wavelength. 

[0024] The wavelength-converting inter-matrix switch s 
may comprise multiple optical receivers, multiple optical 
transmitters and an electrical switch connected between 
the optical receivers and the optical transmitters. The 
optical receivers are coupled to inter-matrix output ports 
of the switching matrices, and are operable to convert io 
channel signals arriving from the inter-matrix output 
ports to electrical signals. The electrical switch is oper- 
able to switch electrical signals from any optical receiver 
to a plurality of the optical transmitters. The optical 
transmitters are operable to convert electrical signals to 15 
channel signals having predetermined wavelengths. 
[0025] In most practical wavelength-converting inter- 
matrix switches, the electrical switch is operable to 
switch electrical signals from any optical receiver to any 
or substantially any optical transmitter. The electrical 20 
switch may be a single electrical switching element or 
multiple electrical switching elements connected in se- 
ries or in parallel. 

[0026] In this arrangement, the electrical switch is 
used to couple a receiver connected to a switching ma- 25 
trix assigned to a first wavelength to a transmitter oper- 
ating at a second wavelength and connected to a switch- 
ing matrix assigned to the second wavelength, thereby 
cross-connecting a channel operating at the first wave- 
length to a channel operating at the second wavelength. 30 
[0027] Alternatively, the wavelength-converting inter- 
matrix switch may comprise an optical switch, and a plu- 
rality of optical transponders connected to the switch. 
Each optical transponder is operable to convert a chan- 
nel signal having a first wavelength into a channel signal 35 
having a second wavelength. The optical switch is op- 
erable to couple a channel signal arriving from an inter- 
matrix output port of any switching matrix to an inter- 
matrix input port of any of a plurality of other switching 
matrices via an optical transponder. 40 
[0028] The optical transponder may be a device hav- 
ing a receive half for recovering an information signal 
from the incoming wavelength channel, and a transmit 
half, having means to modulate the recovered informa- 
tion signal onto a light source of a specific, fixed or tun- 45 
able, wavelength for output on a different wavelength 
channel. The optical switch may comprise a single op- 
tical switching element or multiple optical switching ele- 
ments connected in series or in parallel for load sharing. 
[0029] In most practical wavelength-converting inter- so 
matrix switches, the optical switch is operable to couple 
a channel signal arriving from an inter-matrix output port 
of any switching matrix to an inter-matrix input port of 
any or substantially any other switching matrix. 
[0030] The optical switch may be coupled between 55 
the inter-matrix output ports and the optical transpond- 
ers. In this arrangement, the optical switch is used to 
couple a first channel operating at a first wavelength to 



a selected transponder that converts the signal on the 
first channel to a signal at a second wavelength. The 
transponder is connected to an inter-matrix input port of 
the switching matrix that is assigned to the second 
wavelength. 

[0031] Alternatively, the optical switch may comprise 
plural optical switching stages and the optical trans- 
ponders may be coupled between optical switching 
stages. For example, the optical switch may comprise 
a multistage optical CLOS switch. The relatively high in- 
sertion loss of a multistage optical switch is acceptable 
in the inter-matrix switch because the inter-matrix switch 
includes transponders that restore the optical signal lev- 
el as they convert an optical signal at one wavelength 
to an optical signal at another wavelength. However at- 
tention must be paid to an overall system loss budget to 
keep all components operating within their specified 
range. 

[0032] Some or all of the optical transponders may be 
tunable to transmit channel signals of selectable distinct 
wavelengths. The use of tunable transponders reduces 
the number of transponders that need to be provided to 
allow for all possible wavelength conversion possibili- 
ties. Each tunable transponder can be provisioned re- 
motely for any of a number of wavelength channels with- 
out requiring a visit to the switching site to physically 
provision a wavelength channel. It can be demonstrated 
statistically that a number of tunable transponders can 
provide more combinations of channel configurations 
than the same number of fixed wavelength transpond- 
ers. Moreover, the use of tunable transponders reduces 
the number of different transponder types that must be 
stocked and inventoried. 

[0033] However, tunable transponders are more ex- 
pensive than fixed wavelength transponders and cur- 
rently have limited tuning range. Consequently, some or 
all of the transponders may be fixed wavelength trans- 
ponders that are operable to transmit channel signals of 
a single wavelength. Alternatively the tunable trans- 
ponders may be arranged in groups, each group cover- 
ing the ports associated with a specific wavelength 
band. 

[0034] Another aspect of the invention provides an 
optical switching matrix comprising first and second 
pairs of switching elements and a plurality of optical 
combiners. Each pair of switching elements comprises 
a first switching element and a second switching ele- 
ment. Each switching element comprises a rectangular 
substrate having a plurality of input ports on a first side, 
a first plurality of output ports on a second side opposite 
the first side and a second plurality of output ports on a 
third side adjacent the first side and the second side. 
Each switching element further comprises a plurality of 
optical diverters aligned between each input port and a 
corresponding output port on the second side. Each di- 
verter is aligned with a respective output port on the third 
side and is movable from a first position, in which the 
diverter allows an optical signal incident from the input 
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port to propagate in a direction toward the respective 
output port on the second side, to a second position, in 
which the diverter diverts an optical signal incident from 
the input port toward a respective output port on the third 
side. For each of the first and second pairs of switching 
elements, each input port of the second optical switch- 
ing element is optically coupled to a respective output 
port of the first optical switching matrix. Each combiner 
is coupled to a respective output port of the first pair of 
optical switching elements and to a respective output 
port of the second pair of optical switching elements. 
[0035] Construction of larger switching matrices by 
assembly of smaller switching matrices as described 
above, may be attractive until switching matrices of the 
desired port count are readily available at attractive pric- 
es. Moreover, the ability to assemble larger switching 
matrices from smaller switching matrices enables mod- 
ular construction of cross-connect switches so that the 
size of the switch (and its installed cost) can grow grace- 
fully with capacity demands. 

[0036] Accordingly, another aspect of the present in- 
vention provides a plurality of switching matrices, each 
switching matrix being assignable to a respective chan- 
nel wavelength, as well as having multiple input and out- 
put ports and at least one pair of inter-matrix input and 
output ports. Additionally, each switching matrix has an 
expansion port for coupling to an input port of an exten- 
sion-switching matrix, which is also assignable to the re- 
spective channel wavelength. In this way, each switch- 
ing matrix can be extended, thereby increasing its 
switching capacity and further increasing the switching 
capacity of the cross-connect switch that includes the 
extended switching matrices. For example, the size of 
a switching matrix could originally be 32X32 and an ex- 
tension switching matrix of the same size could be cou- 
pled to it, via the expansion port, to result in an extended 
switching matrix of size 32X64. A cross-connect switch 
having a plurality of these extended switching matrices 
could be coupled, via optical combiners, to another 
cross-connect switch having a similar plurality of ex- 
tended switching matrices. This would result in a com- 
bined cross-connect switch with double the switching 
capacity and port count of either of the original cross- 
connect switches. 

[0037] Another aspect of the invention provides a 
wavelength-converting switch for interconnecting opti- 
cal switching matrices of an optical cross-connect 
switch, the wavelength-converting switch comprising an 
optical switch and a plurality of optical transponders 
connected to the switch. Each optical transponder is op- 
erable to convert a channel signal having a first wave- 
length into a channel signal having a second wave- 
length. The optical switch is operable to couple a chan- 
nel signal arriving from an inter-matrix output port of any 
switching matrix to an inter-matrix input port of any of a 
plurality of other switching matrices via an optical trans- 
ponder. 

[0038] The wavelength-converting switch can be 



used in the construction of some embodiments of the 
cross-connect switch described above. 
[0039] Another aspect of the invention provides a 
switching fabric for an optical cross-connect switch. The 
5 switching fabric comprises a plurality of optical switching 
matrices. Each switching matrix has multiple inter-node 
input ports and at least one intra-node input port for re- 
ceiving incoming optical channel signals, the incoming 
optical channel signals having a wavelength that is par- 
te ticular to that particular switching matrix. Each switching 
matrix also has multiple through output ports and at least 
one intra-node output port. Each switching matrix is op- 
erable to switch optical channel signals arriving on any 
input port to any of a plurality of the through output ports 
15 and the intra-node output port. 

[0040] In most practical switching fabrics, each 
switching matrix will operable to switch optical channel 
signals arriving on any input port to any or substantially 
any of the output ports. 
20 [0041] The switching fabric may further comprise an 
add/drop multiplexercoupled to the intra-node input port 
and intra-node output port of each switching matrix. The 
add/drop multiplexer is operable to couple, to the intra- 
node input port of any switching matrix of the plurality of 
25 switching matrices, optical channel signals having the 
wavelength that is particular to that switching matrix. 
The add/drop multiplexer is also operable to receive, 
from the intra-node output port of any switching matrix 
of the plurality of switching matrices, optical channel sig- 
30 nals having the wavelength that is particular to that 
switching matrix. 

[0042] Another aspect of the invention provides a 
method of cross-connecting optical channel signals at 
an optical cross-connect switch comprising a plurality of 

35 switching matrices. The method comprises coupling 
each optical channel signai having a particular wave- 
length to an input port of a particular switching matrix 
assigned to that particular wavelength, and switching 
the optical channel signal in the particular switching ma- 

40 trix to an output port selected according to a desired 
cross-connection of the optical channel signal. 
[0043] The optical channel signal may be switched to 
an intra-node output port of the particular switching ma- 
trix when the optical channel signal is to be cross-con- 

45 nected to an optical channel having a wavelength other 
than the particular wavelength of the optical signal. In 
this case, the optical signal may be coupled from the 
intra-node output port to a wavelength converter for con- 
version to an optical channel signal having another 

so wavelength. The optical signal at the other wavelength 
can be coupled to an intra-node input port of another 
switching matrix, the other switching matrix being as- 
signed to that other wavelength. The other switching 
matrix can switch the optical channel signal to an output 

55 port selected according to the desired cross-connection 
of the optical channel signal. 

[0044] The optical channel signal may also be 
switched to an intra-node output port of the particular 
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switching matrix when the optical channel signal is to be 
dropped at the cross-connect switch. 
[0045] According to another aspect of the invention, 
the invention provides an optical connection system for 
optically connecting circuit cards via a midplane. The in- 
terconnect includes a first connector for connecting a 
first plurality of optical fibers coupled to a first circuit 
card. The first connector has a first mounting means for 
mounting the first connector adjacent an edge of the first 
circuit card. 

[0046] A second connector is included for connecting 
a second plurality of optical fibers coupled to a second 
circuit card. The second connector has a second mount- 
ing means for mounting the second connector adjacent 
an edge of the second circuit card. A first mating insert, 
disposed in the first connector, is included for aligning 
the first plurality of optical fibers in an optically coupled 
relationship with the second plurality of optical fibers. A 
second mating insert, disposed in the second connector, 
is included for aligning the second plurality of optical fib- 
ers in an optically coupled relationship with the first plu- 
rality of optical fibers. Finally, an alignment ferrule is in- 
cluded for mounting in an opening in the midplane. The 
alignment ferrule has an aperture for receiving the first 
mating insert on one side of the alignment ferrule and 
the second mating insert on the other side of the align- 
ment ferrule. The aperture in the alignment ferrule is ori- 
ented to pass through the opening in the midplane when 
the alignment ferrule is mounted therein. 
[0047] The alignment ferrule provides a means to 
align the mating inserts such that the final alignment fea- 
tures of the connectors, in this case a pair of guide pins 
with corresponding sockets, can engage and provide 
the final alignment of the optical fiber ends at the faces 
of the mating inserts. The final alignment features pro- 
vide translational alignment along orthogonal axis par- 
allel to the faces, as well as rotational alignment about 
an axis perpendicular to the faces such that the multi- 
fiber ribbon cables can be optically aligned. 
[0048] According to yet another aspect of the present 
invention there is provided an optical network compris- 
ing at least one optical cross-connect switch wherein op- 
tical fibers couple the optical switching matrices to the 
optical network via the input and output ports. Alterna- 
tively, or additionally, where the optical cross-connect 
switch includes the wavelength division multiplexers 
and demultiplexers, opt\ca\ fibers couple the wavelength 
division multiplexers and demultiplexers to the optical 
network for respectively transmitting and receiving op- 
tical output and input signals. 

[0049] According to still another aspect of the present 
invention there is provided a method of upgrading an 
optical cross-connect switch having a plurality of switch- 
ing matrices, each switching matrix assigned to a re- 
spective channel wavelength and having multiple input 
and output ports, the method comprising the steps of: 
providing each switching matrix with an expansion port; 
providing a plurality of extension switching matrices, 
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each extension switching matrix having multiple input 
and output ports; and coupling a respective extension 
switching matrix to each switching matrix, via the expan- 
sion port and at least one of the input ports of the re- 

5 spective extension switching matrix, to form a plurality 
of expanded switching matrices. 
[0050] Additionally, the optical cross-connect switch 
may be upgraded further by providing another similarly 
upgraded optical cross-connect switch having a plurality 

10 of the expanded switching matrices; and coupling each 
output port of an expanded switching matrix of the opti- 
cal cross-connect switch to a respective output port of 
an expanded switching matrix of the another optical 
cross-connect switch. 

is [0051] Other aspects of the invention comprise com- 
binations and subcombinations of the features de- 
scribed above other than the combinations described 
above. 

20 Brief Description of the Drawings 

[0052] Embodiments of the invention are described 
below, by way of example only, with reference to the 
drawings in which: 

25 

Fig. 1a is a diagram of a prior art optical network; 

Fig. 1b is a diagram showing the nodes A and B of 
Fig. 1a in greater detail; 

30 

Fig. 1c is a diagram showing the transponders and 
regenerators of Fig. 1b in greater detail; 

Fig. 2a is a diagram of an optical network in accord- 
35 ance with an embodiment of the present invention; 

Fig. 2b is a diagram showing the nodes A' and B' of 
Fig. 2a in greater detail; 

^o Fig. 3 is a functional block diagram of a cross-con- 
nect switch in accordance with an embodiment of 
the present invention; 

Fig. 4a is a functional block diagram of an embodi- 
es ment of the wavelength-converting switch shown in 
Fig. 3; 

Fig. 4b depicts an embodiment of a physical ar- 
rangement for the wavelength-converting switch of 
so Fig. 4a; 

Fig. 4c is a functional block diagram of components 
of the electrical switch in Fig. 4b; 

55 Fig. 4d is a functional block diagram, which provides 
further detail on the wavelength-converting switch 
of Fig. 4b; 
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Fig. 4e depicts another embodiment of a physical 
arrangement for the wavelength-converting switch 
of Fig. 4a; 

Fig. 5 is a functional block diagram of an embodi- s 
ment of the receiver transponder of Fig. 4; 

Fig. 6 is a functional block diagram of an embodi- 
ment of the transmitter transponder of Fig. 4; 

10 

Fig. 7 is a pictorial diagram of part of the optical 
switching matrix of Fig. 3; 

Fig. 8 is a functional block diagram of an embodi- 
ment of the optical switching element of Fig. 3; is 

Fig. 9a is a functional block diagram illustrating a 
second embodiment of the optical switching matrix 
of Fig. 3; 

20 

Fig. 9b is a functional block diagram of a third em- 
bodiment of the optical switching matrix of Fig. 3; 

Fig. 9c is a functional block diagram of a fourth em- 
bodiment of the optical switching matrix of Fig. 3; 25 

Fig. 9d is a functional block diagram of a fifth em- 
bodiment of the optical switching matrix of Fig. 3; 

Fig. 9e is a functional block diagram of a sixth em- 30 
bodiment of the optical switching matrix of Fig. 3; 

Fig. 9f is a functional block diagram of a seventh 
embodiment of the optical switching matrix of Fig. 3; 

35 

Fig. 9g is a functional block diagram of a eighth em- 
bodiment of the optical switching matrix of Fig. 3; 

Fig. 10 is a functional block diagram of a second 
embodiment of the wavelength-converting switch 40 
shown in Fig. 3; 

Fig. 11 is a functional block diagram of a third em- 
bodiment of the wavelength-converting switch 
shown in Fig. 3; 45 

Fig. 12 is a functional block diagram of an embodi- 
ment of the converter module shown in Fig. 11; 

Fig. 1 3 is a table of connections made by the inter- so 
connects A and B in Fig. 11; 

Fig. 1 4 is a table of connections made by the inter- 
connect C in Fig. 11; 

55 

Fig. 1 5 is a table of connections made by the inter- 
connect D in Fig. 11; 



Fig. 16a is a perspective view of a physical arrange- 
ment of the cross-connect switch of Fig. 3, which 
includes the wavelength-converting switch of Fig. 
4e; 

Fig. 16b is a perspective view of another physical 
arrangement of the cross-connect switch of Fig. 3, 
which includes the wavelength-converting switch of 
Fig. 4e; 

Fig. 17 is a perspective view of the optical connec- 
tors in Fig. 16; 

Fig. 18a is a line drawing plan view of the optical 
connectors of Fig. 17 showing the connectors in a 
nearly connected position; 

Fig. 1 8b is a side view of a portion of the connectors 
of Fig. 18a showing fiber polished at the face of 
each connector mating insert and alignment pins 
and sockets; 

Fig. 1 8c is a cross-sectional top view of the connec- 
tors and alignment ferrule of Fig. 1 7 taken along the 
line AA in Fig. 18b; 

Fig . 1 8d is a cross-sectional front view of the mating 
face of the connector taken along the line BB in Fig. 
18c; 

Fig. 19 is a line drawing plan view of a second em- 
bodiment of the optical connectors in Fig. 16; 

Fig. 20 is a line drawing plan view of a third embod- 
iment of the optical connectors in Fig. 16; 

Fig. 21 is a perspective view of a switching shelf, 
which is a portion of the cross-connect switch of Fig. 
3 in a second embodiment; and 

Fig. 22 is a diagram of a fiber shuffle used in the 
switching shelf of Fig. 21. 

Detailed Description 

[0053] Referring to Figs. 1a to 1 c a prior art optical 
network 1 will now be described. In Fig. 1a a network 1 
includes six interconnected electrical or opaque switch- 
ing nodes 2, labelled A to F. In Fig. 1b nodes A and B 
are shown in greater detail. For simplicity, a unidirec- 
tional representation of a bi-directional network has 
been shown. In practice all links connecting the nodes 
A to F would have companion links connected in inverse 
parallel to carry return traffic, or the connecting links 
would be bi-directional links. The network 1 includes 
electrical cross-connect switches 2 interconnected by 
spans comprising optical fibers and optical amplifiers 7, 
which are spaced apart at appropriate intervals along 
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the spans. Alternatively, so-called "opaque" optical 
cross-connect switches could be used in place of some 
or all of the electrical cross-connect switches 2. An 
opaque switch is one that uses transponders between 
the links connecting the switch to a network, such that 5 
the wavelength at which a signal from the network is 
switched is independent from the wavelength at which 
the signal is carried over the network. Each transponder 
is of one of two forms, those being a receive transponder 
(Tr) and a transmit transponder (Tt). The receive trans- w 
ponder (Tr) consists of a long-reach line wavelength re- 
ceiver and a short-reach transmitter, which is usually a 
single fixed-wavelength optical, or electrical, cross-of- 
fice short-reach transmitter. The transmit transponder 
(Tt) consists of a short-reach single fixed-wavelength 15 
optical, or electrical, cross-office receiver and a long 
haul optical transmitter working at the final line wave- 
length, either by equipping the unit with the appropriate 
wavelength laser or by exploiting tunable lasers. A bi- 
directional transponder (not shown here) is a commonly 20 
packaged transmitter and receiver transponder with dis- 
tinct "line" and "office" sides. A regenerator (R) can also 
be made from transponders, by placing them in series, 
such that the short reach cross office transmitter of the 
receiver transponder (Tr) direct)y drives the short-reach, 25 
cross-office, receive port of the transmitter transponder 
(Tt). A bi-directional regenerator is two of these combi- 
nations of receiver transponder (Tr) and transmitter 
transponder (Tt) in an inverse parallel configuration. The 
electrical cross-connect switches 2 each comprise op- so 
tical wavelength division (WD) demultiplexers 4 coupled 
to an electrical switch fabric 2 via receive transponders 
(Tr) on the ingress side of the switch 2. The receive 
transponders (Tr) convert demultiplexed line optical 
channel signals to electrical, or short-range optical sig- 35 
nals, which are fed to the interfaces of, and are switched 
by the electrical switch fabric 2, or opaque optical switch 
fabric. An optical pre-amplifier 7b may be coupled to the 
input of a WD demultiplexer 4 to amplify received 
DWDM signals before switching. At the egress side of w 
the switch 2, optical WD multiplexers 5 are coupled to 
the electrical switch fabric 2 via more transmit trans- 
ponders (Tt). Switched electrical signals are converted 
to optical channel signals by the transmit transponders 
(Tt) at the egress side, and the WD multiplexers 5 mul- 45 
tiplex the optical channel signals into DWDM signals, 
which are output by the switch 2. Electrical input signals 
to the optical network 1 are converted to optical signals 
by transmit transponders (Tt) and multiplexed into a 
DWDM signal by WD multiplexer 5b. Conversely, so 
DWDM signals are demultiplexed by the WD multiplex- 
ers 4b into optical channel signals, which are converted 
by the receive transponders (Tr) and output from the net- 
work 1 as electrical signals. 

[0054] It is apparent that a pair of transponders is re- 55 
quired for each channel signal passing through the 
switch 2. Further, additional transponders (T) are re- 
quired to add or drop channel signals from the switch 2. 



Still further, repeaters 3 comprising WD demultiplexers 
4 coupled to WD multiplexers 5, via regenerators (R), 
require an additional pair of transponders per channel 
signal. These transponders (not shown) are used in the 
regenerators (R) to perform O/E conversion of demulti- 
plexed channel signals before electrical regeneration, 
and E/O conversion of regenerated electrical signals in- 
to optical channel signals, which are then multiplexed 
into a regenerated DWDM signal. Thus a regenerator 
(R) includes back-to-back transmitter and receiver 
transponders and may also include reshaping/retiming 
functionality. With such a network 1 , any increases in 
the number of channel signals in a DWDM signal re- 
quires an additional pair of transponders in every switch 
2 and repeater 3 in the network 1 . 
[0055] Extensive work is currently underway through- 
out the optical communications industry to develop tech- 
nology that will reduce the rate at which an optical signal 
degrades with transmission distance. This work is being 
done to achieve ever longer amplified span lengths be- 
tween regeneration points, in order to eliminate the need 
for regenerators in all but a few cases. The result will be 
requirement for a network configuration that can exploit 
the resultant technology effectively. That is, for an opti- 
cal signal to travel long distances between overall net- 
work ends in an all photonic network, it must be possible 
to add, drop, and switch traffic from intermediate nodes 
without reverting to electrical (or opaque optical) switch- 
ing. 

[0056] Fig. 2a shows an optical network 8 in accord- 
ance with an embodiment of the present invention. The 
network 8 includes six interconnected switching nodes 
A' to P which are optical cross-connect switches 1 0. The 
optical cross-connect switches 10 are in accordance 
with another embodiment of the present invention and 
will be described in more detail later. Fig. 2b shows the 
nodes A' and B' in greater detail. For simplicity, a unidi- 
rectional representation of a bi-directional network has 
been shown. In practice all links connecting the nodes 
A to F 1 would have companion links connected in in- 
verse parallel to carry return traffic, or the connecting 
links would be bi-directional links. The optical cross-con- 
nect switches 10 are interconnected by spans compris- 
ing optical fibers and optical amplifiers 7. The optical 
cross-connect switches 10 include photonic cross-con- 
nects 9 coupled to the spans via WD demultiplexers 4 
and optical pre-amplifiers 7b on the ingress side of the 
switch 10, and WD multiplexers 5 on the egress side of 
the switch 1 0. The photonic cross-connects 9 further in- 
clude multiple optical switching matrices and a wave- 
lenght-converting, inter-matrix switch (not shown) as will 
be described later with reference to Fig. 3. The wave- 
length-converting inter-matrix switch converts a channel 
signal from one channel wavelength to another channel 
wavelength as required, for example, by span limitations 
in terms of available channel wavelengths. Transpond- 
ers are provided for this purpose. However, they are far 
fewer in number than a pair per channel signal. Typical- 
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|y, transponders are provided for 25% of the channel sig- 
nals that can be switched by the switch 1 0. This percent- 
age is determined by network engineering rules which 
will be set up to favor finding end-to-end clear wave- 
lengths or paths with minimum wavelength conversion 
(i.e. lambda-hopping). Additional transponders for add- 
ing channel signals to, or dropping channel signals from, 
the switch 10 would not normally be required since the 
transponders included in the wavelength-converting in- 
ter-matrix switch can also be used for this purpose. 
Clearly, this optical network 8 requires fewer transpond- 
ers than the prior art optical network 1 , the actual reduc- 
tion being dependent upon the network planning algo- 
rithms. This reduction in transponders leads to savings 
in costs and power requirements for a given network 
configuration, and as the configuration grows in switch- 
ing nodes and channel signals per DWDM signal. 
[0057] In the prior art approach of Fig. 1 , transponders 
are required for every added, dropped and switched 
through wavelength irrespective of reach or distance. In 
embodiments of the present invention, for example as 
illustrated in Fig. 2, transponders are only needed to en- 
ter/leave the optical domain, or because the system 
reach (i.e. the maximum allowable distance between 
transponders) is too small for implementing a given 
route, or because wavelength conversion is necessary 
to get around a "blocked" wavelength. 
[0058] Referring to Fig. 3 there is illustrated a cross- 
connect switch 10 in accordance with an embodiment 
of the present invention. The cross-connect switch 10 
includes an input port 12 for receiving an optical signal 
s, for example a DWDM optical signal from an optical 
telecommunications network. The input port 12 is con- 
nected to an optical amplifier 14 via an optical fiber. Un- 
less stated otherwise, all connections internal to the 
switch are made by way of optical fiber, which may or 
may not be assembled into ribbon cables with multiple 
fibers and associated multi-way connectors. The ampli- 
fier 1 4 amplifies the optical signal s, which might, for ex- 
ample, be received from a fiber cable from the previous 
line amplifier to compensate for the insertion loss of the 
span before it is applied to a wavelength division (WD) 
demultiplexer 16. The demultiplexer 16 divides the op- 
tical signal's into its constituent channel wavelengths. 
Each channel has a predetermined wavelength, X1 to 
XM assigned to it. In the embodiment of Fig. 3 there are 
up to 160 such channels. A respective P x P optical 
switching matrix 18 is provided for each set of channels 
that have a common predetermined wavelength, one 
such channel coming from each of the WD demultiplex- 
ers 16. Fig. 3 shows M such optical switching matrices 
of which there are up to 1 60 in the present embodiment 
(i.e. M=1 60), since there are up to 1 60 channels on each 
inter-node long haul transmission fiber. At each channel 
wavelength, light from the optical signal s at the channel 
wavelength is input into the respective optical switching 
matrix 1 8 for that channel. A wavelength division (WD) 
multiplexer 20 aggregates a switched channel from 



each one of the optical switching matrices into another 
optical signal s' for outputting from an output port 24. 
Each output port 24 is connected to the WD multiplexer 
20 through an optical amplifier 22. The optical amplifier 

5 22 amplifies the optical signal s' to compensate for the 
insertion loss through the switch 10 before the optical 
signal s' is output from the switch 10 into an optical tel- 
ecommunications network, for example. 
[0059] Note that the cross-connect switch 1 0, in addi- 

10 tion to performing optical switch functions, also restores 
the level of the optical signals for transmission to the 
next cross-connect switch 10 or destination node. Con- 
sequently, the cross-connect switch, as shown in its en- 
tirety in Fig. 3, replaces the entire WDM/WDD-trans- 

15 ponder-cross-connect path that would be required in an 
electrically switched and regenerated transmission net- 
work. 

[0060] The switch 10 has a plurality of input ports 12 
and respective optical amplifiers 14 and WD demulti- 

20 plexers 16 as well as a plurality of output ports 24 and 
respective optical amplifiers 22 and WD multiplexers 20. 
Fig. 3 shows N input ports 12, each of which has an ac- 
companying optical amplifier 14 and WD demultiplexer 
16. Fig. 3 also shows N output ports 24, each of which 

25 having an accompanying optical amplifier 22 and WD 
multiplexer 20. In the present embodiment there are up 
to 24 input ports and 24 output ports, that is N=24. How- 
ever, expansion of the switch 10 to provide a greater 
number of input and output ports is possible, and will be 

30 described later. Also possible, are configurations in 
which the number of input ports does not equal the 
number of output ports. For example, rectangular (e.g. 
16 x 32) optical switching matrices 1 8 could be used to 
map a reduced subset of transponders to a provisiona- 

35 ble subset of ports within the wavelength group of those 
transponders. 

[0061] An inter-matrix switch in the form of a wave- 
length-converting switch 28 with additional add/drop 
multiplexer capabilities is connected across each of the 

40 optical switching matrices 18. That is, for each P x P 
optical switching matrix 18, a number (K) of outputs of 
the wavelength-converting switch 28 are connected in- 
dividually to the same number (K) of inter-matrix inputs 
of that optical switching matrix 1 8. As well, for each op- 

45 tical switching matrix 18, a number (K) of inputs of the 
wavelength-converting switch 28 are connected individ- 
ually to the same number (K) of inter-matrix outputs of 
that optical switching matrix 18. In the present embodi- 
ment, the number K is a variable over the range 0-16, 

50 covering the extreme cases of all wavelengths needing 
conversion or access to add-drop (K=16) or no wave- 
lengths needing conversion or access to add-drop 
(K=0). The particular value of K in any particular case 
would be dependent on the location of the particular op- 

55 tical cross connect switch in the network and details of 
the network engineering algorithms. Typically, a practi- 
cal value of K is K = 8, (i.e. 25% of optical switching 
matrix 18 inputs/outputs, thereby permitting 33% of the 
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remaining 24 inputs and outputs to be connected to the 
wavelength conversion/ add-drop inter-matrix switch.) 
That is, in this embodiment of the switch 10, the value 
of P = K + N. Other variations in the values of K, N, and 
P are possible and would need to be planned for in con- 
junction with the network engineering algorithms. The 
wavelength-converting switch 28 also has a capability 
of converting wavelengths. That is, it can receive infor- 
mation on one wavelength and transmit the same infor- 
mation on a different wavelength. This capability is use- 
ful for switching information between channels as de- 
scribed further below. 

[0062] It should be noted that the wavelength-con- 
verting switch 28 can add/drop channel signals without 
performing wavelength conversion on the added/ 
dropped channels signals, hence it can function solely 
as an add/drop multiplexer. Conversely, the wave- 
length-converting switch can perform wavelength-con- 
version without performing an add/drop function; hence 
it can function solely as a wavelength-converting switch. 
Moreover, the wavelength-converting switch 28 can per- 
form both a wavelength conversion function and an add 
function on the same channel signal, and separate func- 
tions (i.e. add, drop, convert wavelength) on different 
signals at the same time, as will be described later. 
[0063] The switch 1 0 also includes a controller 26 for 
controlling each of the optical switching matrices 18, the 
wavelenght-converting switch 28 as well as any tunable 
transponders or sources associated with the wave- 
length-converting switch 28. For example, the controller 
26 can set up the optical switching matrix 18, assigned 
to channel one, to switch light from the output of the WD 
demultiplexer 1 6, connected to the second input port 1 2, 
to the input of the WD multiplexer 20, connected to the 
first output port 24. The controller 26 is connected to 
each optical switching matrix 1 8 via electrical cable, and 
controls each optical switching matrix 1 8 using electrical 
control signals. The control signals and link over which 
they are transmitted could also be optical in nature, al- 
though the control of the crosspoint would likely remain 
electrical in nature. The control signals are generated 
by a real-time processor (not shown) of the switch 10 
which configures crosspoints of the switch 1 0 in a man- 
ner similar to that used in an equivalent electrical switch 
operating under Element Managercontrol from a central 
Network Manager. Alternatively, the Element Manager 
may receive control signals from configuration control- 
lers distributed among network switching nodes. 
[0064] An important design consideration of the 
switch 10 is balancing the power gain/loss in the 
"through" path of the switch 10 with that in the "wave- 
length conversion" path. The "through" path, or link path, 
is any path through only one optical switching matrix 18, 
from amplifier 14 to amplifier 22. In such a path there is 
no optical regeneration and any losses must be within 
the optical link budget allotted to the switch 10, within 
the overall end-to-end optical link budget. In the wave- 
length conversion path, i.e. any path through two or 



more optical matrices 1 8 and the wavelength-converting 
switch 28, there is typically optical regeneration per- 
formed by transponders in the wavelength-converting 
switch 28. It is important that this path, also between the 

5 optical amplifiers 14 and 22 have a power loss/gain in 
the same range as the through path. By adjusting the 
power levels of the transponders in the wavelength-con- 
verting switch 28 the power loss/gain difference be- 
tween the two types of paths can be balanced. 

w [0065] In operation, the switch 10 is capable of three 
modes of switching, they are port switching, channel 
switching, and switching that is a combination of chan- 
nel and port switching. The operation of the switch 10 
in each of these three modes will be described further 

15 by way of example. 

[0066] In the port switching mode, an optical signal s 
arrives at input port one and is split into its constituent 
channels (1 to 160) by the WD demultiplexer 16 as- 
signed to that port. The controller 26 has set up the op- 

20 tical switching matrix 18, for channel wavelenght one, 
to switch optical signals from its input from port number 
one to its output for port number two. This causes light 
of wavelength X1 from the output of the WD demultiplex- 
er 1 6 assigned to channel wavelength one to be directed 

25 to the input of the WD multiplexer 20 assigned to the 
output port two. This light is aggregated with light from 
the other channels by the WD multiplexer 20 into the 
signal s', which is output from the output port two. Thus, 
information received by the switch 10 on channel one 

so input port one is switched to channel one output port 
two, and is outputted by the switch 10. 
[0067] In the channel-switching mode, each channel 
of the optical signal s arrives at its respective optical 
switching matrix 18 from the WD demultiplexer 16 as 

35 before. However, in this case the controller 26 has set 
up the optical switching matrix 18 for channel two to 
switch its input for port one to one of its outputs connect- 
ed to the wavelength-converting switch 28. For exam- 
ple, the optical switching matrix for channel two has 

40 been configured to switch its input for port one to the 
first input of the wavelength-converting switch 28. Re- 
call, that in the present embodiment the wavelength- 
converting switch 28 has eight inputs and eight outputs 
(K=8) connected to each optical switching matrix 18. 

45 The wavelength-converting switch 28 is also configured 
by the controller 26 and connected thereto by electrical 
or optical links (not shown). In this example, the wave- 
length-converting switch 28 is configured to receive in- 
formation on its first input for channel two X2 and output 

50 the information on channel th ree A3 at its first output port 
for channel three. This optical switching matrix 18 is set 
up to direct the light from this signal to its output con- 
nected to the WD multiplexer 20 for port one. Conse- 
quently, information received by the switch 10 on input 

55 port one channel two is output on output port one chan- 
nel three. Thus, the switch 1 0 has performed channel 
switching, from channel two input port one to channel 
three output port one. 
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[0068] In switching that is a combination of port and 
channel switching, hereinafter referred to as port-chan- 
nel switching, information arrives at the switch 10 on a 
particular input port number, carried by a particular 
channel wavelength, and leaves on another output port 5 
number, carried by a different channel wavelength. The 
operation of port-channel switching is the almost the 
same as channel switching except that in the last switch- 
ing step the signal is switched to another output port 
number. For example, in the previous example of chan- w 
nel switching, instead of switching the channel signal 
back to output port one (on channel three) it would be 
switched to any of the other output ports (e.g. output 
port four). 

[0069] The configuration control strategy used to con- is 
trol cross-connect switches 1 0 will favour port switching 
at the cross-connect switches 1 0 in preference to chan- 
nel switching and port-channel switching. Channel 
switching and port-channel switching will generally be 
used only when no single wavelength channel is avail- 20 
able from a source node to a destination node. The need 
for channel switching and port switching can be reduced 
by over-provisioning wavelength channels. Such over- 
provisioning has less cost impact in an optically 
switched network than in an electrically switched net- 25 
work since little of the required equipment is wavelength 
specific. 

[0070] A further capability of the switch 10 is the ability 
to add or drop traffic using the add/drop multiplexer func- 
tionality of the wavelength-converting switch 28. The 30 
wavelength-converting switch 28 has R add inputs for 
adding traffic and also R drop outputs for dropping traf- 
fic. In the present embodiment R ranges from 480 to 
960, corresponding to a 20% traffic add/drop on a half 
to fully configured switch, depending on the number of 35 
wavelength channels that are provisioned on the cross- 
connect switch 10. 

[0071] In Fig. 3, a signal sA, which is to be added to 
the traffic flow processed by the switch, is shown being 
input to the wavelength-converting switch 28. This sig- *o 
nal sA could go through wavelength conversion if nec- 
essary, as described above, before being output by the 
wavelength-converting switch 28 into one of the optical 
switching matrices 18. The signal sA is then output to 
one of the WD multiplexers 18 for aggregation into an 45 
optical signal, for example s\ to be transmitted from a 
corresponding output port 24. Also referring to Fig. 3, a 
signal sD, which is to be dropped from the traffic flow 
processed by the switch, is shown being output from the 
wavelength-converting switch 28. This signal sD, could 50 
also go through wavelength conversion if necessary, be- 
fore being output by the wavelength-converting switch 
28 into other optical communications equipment (not 
shown). 

[0072] Fig. 4a illustrates, in a functional block dia- 55 
gram, an embodiment of the wavelength-converting 
switch 28 shown in Fig. 3. The wavelength-converting 
switch 28 includes an electrical switch 30. A plurality of 



transponder receiver sections for converting line optical 
signals to electrical signals or short reach optical sig- 
nals, as required by the electrical switch, are connected 
to the inputs of the electrical switch 30. Specifically, M 
groups of K receiver transponders 32 for converting op- 
tical signals from the optical switching matrices 18 are 
connected to the electrical switch 30. As well, receiver 
transponders 38 for converting optical signals (e.g. the 
signal sA) to be "added" to the traffic flow of the transport 
system via switch 1 0 are also connected to inputs of the 
electrical switch 30. In the present embodiment K=8 and 
M=1 60 and R = 960, giving a cross-connect size of [( 1 60 
x 24) + 960] x [(1 60 x 24) +960] = 4800 x 4800. Such a 
cross-connect may be implemented as a single switch 
or as several (e.g. eight parallel planes of smaller (600 
x 600)) switches, exploiting the lateral interplane cross- 
connection inherently available in the optical switch ma- 
trices 1 8 to minimize any resultant wavelength blocking. 
In addition, a plurality of transmitter transponders for 
converting electrical signals to optical signals is con- 
nected to the outputs of the electrical switch 30. That is, 
M groups of K transmitter transponders 34 for convert- 
ing electrical signals for the optical switching matrices 
18 are connected to the outputs of the electrical switch 
30. As well, transmitter transponders 36 for converting 
electrical signals of dropped traffic into local cross-office 
optical signals are also shown connected to outputs of 
the electrical switch 30. 

[0073] It should be noted, that the transponders 36, 
38 are optional and would be required if optical signals 
(e.g. the signal sA) are to be added to the traffic flow or 
if dropped signals (e.g. the signal sD) are to be optical. 
Further, it should be noted that the number of transpond- 
ers connected to the inputs of an optical switching matrix 
18 does not have to be equal to the number connected 
to the outputs of the same optical switching matrix. Still 
further, the receiver transponders 32 need not be very 
sensitive since they are receiving light that has been am- 
plified by the optical amplifier 14 and then only attenu- 
ated about 5-10 dB by a WD demultiplexer 16 and an 
optical switching matrix 18. However, the wavelength- 
accurate transmitter transponders 34 are usually expen- 
sive, due to their precision optical sources and the 
number of versions required (i.e. one for each wave- 
length in the case of fixed transponders or one for each 
wavelength band in the case of tunable transponders, 
shown with a control signal from the controller 26 to set 
the transmission wavelength of the transponder). 
Hence, more of the receiver transponders 32 than the 
transmitter transponders 34 may be provisioned to op- 
timize the wavelength conversion capability at the low- 
est cost. 

[0074] Operation of the wavelength-converting switch 
28 will now be explained by way of example. The receiv- 
er transponder 32 receives an optical signal Sc1 , on 
channel one (i.e. channel wavelength X1 ) from a optical 
switching matrix 18 assigned to channel one and con- 
verts the information in this signal to an electrical signal 
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Ec1 , which is input to the electrical switch 30. The elec- 
trical switch 30 has a switching granularity of the entire 
signal payload of each wavelength channel. The elec- 
trical switch 30 switches the electrical signal Ec1 to one 
of its outputs assigned to channel fifty. The transmitter 5 
transponder 34 receives the signal Ec1 and converts the 
information carried by it to an optical signal Sc50 having 
a wavelength corresponding to channel fifty. This signal 
is output to the optical switching matrix 18 that is as- 
signed to channel fifty, which directs it to a WD multi- 10 
plexer 20, as described earlier. Thus, since the informa- 
tion in the optical signal Sc1 has been switched to the 
optical signal Sc50, a channel switching function, or 
wavelength conversion function (i.e. from channel 
wavelength X1 to channel wavelength XS0) has been 15 
performed by the wavelength-converting switch 28. In a 
similar manner the signal sA is directed into the electri- 
cal switch 30 via the receiver transponder 38 and is for- 
warded into the one of the optical switching matrices 18 
via one of the transmitter transponders 34. Likewise, the 20 
signal sD is directed out of the switch 1 0 via the receiver 
transponder 32 and into the electrical switch 30, where 
it is forwarded into other communications equipment via 
the transmitter transponder 36. 

[0075] With reference to Fig. 4b an embodiment of a 25 
physical arrangement for the wavelength-converting 
switch 28 of Fig. 4a will now be described (details of the 
physical arrangement of the cross-connect switch 10 
will be described later with reference to Figs. 16a,b and 
Fig. 21). Fig. 4b shows the wavelength converting so 
switch 28 connected to M P x P optical switching matri- 
ces 18; one switching matrix 18 for each distinct wave- 
length (i.e. M=160). The wavelength-converting switch 
28 is physically implemented on four circuit cards C1 to 
C4, although it could well be implemented on more, or 35 
fewer, cards as will be understood from the following de- 
scription of this implementation. Each of the circuit cards 
C1 to C4 includes a respective portion 30a to 30d, one 
forth in this case, of the electrical switch 30. Each portion 
30a to 30d is electrically connected to a transmit bank *o 
33 of the transmitter transponders 34, and a receive 
bank 35 of the receiver transponders 32 on its card C1 
to C4. Each of the banks 33, 35 is optically coupled to 
each of the optical switching matrices 1 8 by a respective 
optical connection of width K/4. Hence there are M*K/4 45 
optical connections from the plurality of M optical switch- 
ing matrices 18 to each of the banks 33,35. Add and 
Drop optical connections of width R/4 are also provided 
to the receive bank 35 and transmit bank 33, respective- 
ly. Each of the portions 30a to 30d is electrically inter- so 
connected to each of the other portions 30a to 30d via 
a high speed inter-card bus 31 of width K* M+R. The 
details of this interconnection will be described with ref- 
erence to Fig. 4d. 

[0076] In operation, optical signals from the switching 55 
matrices 1 8, or from the add connections, are received 
by the receive banks 33 of the cards C1 to C4, and are 
converted to electrical signals by receiver transponders 



32,36 in the receive bank 33 of the respective card C1 
to C4. The converted electrical signals are transmitted 
to the respective electrical switch portion 30a to 30d on 
that card C1 to C4. The signals are then either switched 
to the transmit bank 33 on the same card or to the inter- 
card bus 31 where they are input to the electrical switch 
portions 30a to 30d on the other cards. Signals switched 
to the other cards can then be selected by the respective 
electrical switch portion 30a to 30d on the other cards 
and switched to the transmit bank 33 of that card. Sig- 
nals switched to the transmit banks 33 are converted to 
optical signals of an appropriate channel wavelength 
and transmitted to the optical switching matrix 1 8 for that 
wavelength. 

[0077] Fig. 4c is a functional block diagram of compo- 
nents of the electrical switch in Fig. 4b. A Q x Q electrical 
switching fabric F1 has Q inputs fully interconnected to 
Q outputs. That is, an electrical signal arriving on any 
one of the Q inputs can be switched to any one of the 
Q outputs. The dimension Q equals (K*M+R)/4. Another 
QxQ electrical switching fabric F2 has Q inputs fully 
interconnected to Q outputs and Q expansion outputs, 
as well as Q expansion inputs fully interconnected with 
the Q outputs. The fabrics F1 and F2 can be intercon- 
nected into a larger electrical switching fabric F3 by se- 
rially connecting three F2 fabrics. This is done by con- 
necting the outputs of one fabric F2 to the expansion 
inputs of the next fabric F2 and repeated until all three 
F2 fabrics are serially connected. Next an F1 fabric is 
serially connected to the front of the chain of F2 fabrics 
by connecting the outputs of the F1 fabric to the expan- 
sion inputs of the first F2 fabric. The resulting fabric F3 
has four sets of Q inputs, one set of Q outputs, and four 
sets of Q expansion outputs although only the set of ex- 
pansion outputs on the last F2 fabric is used. 
[0078] The operation of the fabric F3 is as follows. Any 
input of the first three sets of Q inputs can be switched 
to any of the Q outputs of the last F2 fabric. Additionally, 
any input of the last set of Q inputs can be switched to 
any of the Q outputs of the last F2 fabric, or any of its Q 
expansion outputs. 

[0079] With reference to Fig. 4d further detail on the 
wavelength-converting switch of Fig. 4b will now be pro- 
vided. Each electrical switch portion 30a to 30d is com- 
prised of the fabric F3 on a respective circuit card C1 to 
C4. The high-speed inter-card bus 31 is comprised of 
four buses 31 a to 31 d of width Q. Each of the four buses 
31a to 31 d is driven by the expansion outputs of a re- 
spective fabric F3 on one of the cards C1 to C4, and is 
connected to the inputs of the fabrics F3 on the remain- 
ing cards C1 to C4. Each of the buses 31a to 31 d could 
in fact be comprised of three individual interconnects, of 
width Q, for example high-speed electrical interconnect 
or intra-system short reach optical connections. In this 
case, each of the three individual interconnects in a bus 
31 a to 31 d would be point-to-point connection driven by 
one switching fabric F3 on one card C1 to C4 and re- 
ceived by only one other fabric F3 on another card C1 
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to C4. 

[0080] The switching operation of the wavelength- 
converting switch will now be described by way of ex- 
ample with reference to card C1. The electrical switch 
portion 30a on card C1 can receive electrical signals 
from the receive bank 35 or from any of the buses 31 b 
to 31 d. Received electrical signals are either switched 
to the transmit bank 35 or to the bus 31 a connected to 
the expansion outputs of the electrical switch portion 
30a. Electrical signals switched to the bus 31a can be 
received by any of the other electrical switch portions 
30b to 30d and switched to their respective transmit 
bank 35. 

[0081] Fig. 4e depicts another physical arrangement 
for the wavelength-converting switch 28 of Fig. 4a. In 
this arrangement the electrical switch 30 is no longer 
partitioned between the circuit cards C1 to C4, but is 
implemented as one electrical switch 30 residing on a 
circuit card, or cards, which is physically parallel to the 
optical switching matrices 18. Each of the circuit cards 
C1 to C4 has a respective interface 37a to 37d, which 
interfaces the transmit bank 33 and receive bank 35 of 
the card to the electrical switch 30, either electrically or 
by short-reach optical connections 39a, 39b of width Q 
(where Q=(K*M+R)/4). The remainder of the topology 
and function of the circuit cards C 1 to C4 is as described 
earlier with reference to Fig. 4b. 
[0082] Fig. 5 illustrates, in a functional block diagram, 
an embodiment of the receiver transponders 32, 38 of 
Fig. 4, both of which are identical in structure. However, 
this need not be the case. The add-drop transponders 
36, 38 may not ned to be as high precision devices (i.e. 
high sensitivity receiver, precise wavelength transmit- 
ter) as the transponders linked to the switch matrices 18 
unless they are going into another line system directly. 
If they are feeding a Terabit router they may well be short 
reach optics, for example, 1310 nm or 850 nm ribbon 
optics. The receiver transponder 32 includes a long 
range receiver 32a connected to its input for receiving 
an optical signal. The long range receiver 32a has 
enough sensitivity to receive and detect data on optical 
signals that are at the minimum specified power level 
and signal-noise ratio of the optical communications 
network in which the switch 10 is used. A local interface 
32b is connected at the output of the receiver transpond- 
er 32 and is in communication with the long-range re- 
ceiver 32a. The local interface 32b receives data from 
the long-range receiver 32a that it has detected and out- 
puts this information in an electrical signal. 
[0083] Fig. 6 illustrates, in a functional block diagram, 
an embodiment of the transmitter transponders 34, 36 
of Fig. 4, both of which are identical in structure. The 
transmitter transponder 34 includes a local interface 
34a, connected to its input, for receiving an electrical 
signal and detecting data contained therein. A long 
reach transmitter 34b of high precision is connected at 
the output of the transmitter transponder 34 and is in 
communication with the local interface 34a. The long 



reach transmitter 34b receives the detected data from 
the local interface 34a and outputs this information in an 
optical signal. 

[0084] Fig. 7 illustrates, in a pictorial diagram, an em- 
5 bodiment of the switching matrix 1 8 of Fig. 3. The switch- 
ing matrix 18 has P inputs and P outputs. A subset K of 
the inputs are intra-node inputs and are for receiving 
added or converted signals from the wavelength con- 
verting switch 28, which provides both add/drop and 
10 wavelength conversion capabilities as discussed previ- 
ously. The remaining N inputs (i.e. N=P-K) are inter- 
node inputs for receiving channel signals from other 
nodes. Similarly, a subset K of the outputs are intra-node 
outputs and are for transmitting signals to the wave- 
's length-converting switch 28 that are to be dropped or 
wavelength converted. The remaining N outputs are in- 
ter-node outputs for outputting channel signal destined 
for other nodes. Optionally, the switching matrix 18 has 
an expansion input port with P inputs and/or an expan- 
20 sion output port with P outputs. These expansion ports 
can be used to expand the size of the switching matrix 
18 and/or for interconnection with the wavelength-con- 
verting switch 28, as will be described later with refer- 
ence to Figs. 9a-9g. 
25 [0085] A switching element 1 9 is shown in the form of 
a Micro-Electro-Mechanical System (MEMS)-based 
switching element. A MEM switching device is disclosed 
in an OFC99 paper entitled "Free-space Micromachined 
Optical-Switching Technologies and Architectures", by 
30 Lih Y. Lin of AT&T Labs-Research, and published in 
OFC99 Session W14-1, Feb. 24, 1999 proceedings. 
The MEMs-based switching element 19 comprises op- 
tical diverters 48, 50 arranged in rows and columns to 
direct light from an input on the perimeter of the arrange- 
rs ment of optical diverters to an output also on the perim- 
eter of the arrangement. The MEMS-based switching el- 
ement 19 has row outputs, which are in alignment with 
the inputs and are on the opposite side of the arrange- 
ment of optical diverters 48, 50 relative to the inputs. 
40 The MEMS-based switching element 19 also has col- 
umn outputs situated along paths at right angles with 
paths between the inputs and row outputs. A self-focus- 
ing collimating lens 52 at each input of the MEMS-based 
switching element 19 directs light received from an op- 
45 tical fiber 54 into the arrangement of optical diverters. 
At each row and column output another self-collimating 
lens 56 and 56', respectively, receives light from the ar- 
rangement and directs the light along a respective fiber 
58 and 58'. The controller 26 controls the state of each 
so of the optical diverters, through a mirror drive signal, in 
order to direct the light as required. Fig. 7 shows an op- 
tical diverter48, or mirror, in an activated state, whereby, 
an optical signal Sc1 entering the arrangement of optical 
diverters along a row is redirected along a column to the 
55 self-collimating lens 56' at the respective column output 
of the MEMS-based switching element 1 9. The other op- 
tical diverters in the figure are shown in a non-activated 
state, for example, optical diverter 50, whereby an opti- 
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cal signal Sc2 is not redirected. The optical signal Sc2 
passes through the arrangement and enters the colli- 
mating lens 56 where it is passed along the fiber 58. The 
switching matrix 18 is a self-contained switch circuit 
pack, providing all the switching interconnect needs of 
all the ports and all the inter-matrix feeds for one wave- 
length. It achieves this by incorporating, as part of its 
functionality, an optical crosspoint array (i.e. using one 
or more MEMS-based switching elements). One or 
more complete switching matrix can be accommodated 
on a physical circuit pack. 

[0086] Fig. 8 illustrates, in a functional block diagram, 
the MEMS-based switching element 19. The MEMS- 
based switching element 19 could be an 8x8, 16x16, or 
a 32x32, array and in this case it is shown as a 32 x 32 
array. MEMS switching devices are commercially avail- 
able components manufactured using silicon microelec- 
tronic processing. MEMS switching devices can be 
"square" (i.e. the number of inputs equals the number 
of outputs), resulting in an n x n array where "n" conven- 
tionally equals 8, 16, 32, etc. MEMs switching devices 
can also be "rectangular" (i.e. the number of inputs is 
not equal to the number of outputs), resulting in an n x 
m array where n and m are conventionally 8, 16, 32, etc. 
The optical diverters 48, 50 of Fig. 7 are optically reflec- 
tive elements, for example mirrors. An optical diverter 
in an activated state (e.g. the optical diverter 48 in Fig. 
7) typically inserts a 3-7 dB loss in optical power in the 
redirected signal (e.g. the signal Sc1 in Fig. 7), depend- 
ing upon the MEMS switching device port count, the 
quality of the design and the fabrication of the parts. A 
signal that passes through a MEM switching device into 
one of its row outputs (e.g. the signal Sc2 in Fig. 7) usu- 
ally has a lower drop in power, typically 1-2 dB, again 
dependent upon device size and design. Although 
MEMS switching devices are shown in this embodiment 
of the active crosspoints of the switching matrix 1 8, any 
matrix of optical diverters capable of directing light of 
the required wavelength, and as desired, could be used. 
[0087] Fig. 9a illustrates, in a functional block dia- 
gram, a second embodiment of the switching matrix 1 8, 
shown for the first channel wavelength. The switching 
element of the 32 x 32 optical switching matrix 1 8 is com- 
prised of four 16 x 16 MEM devices 19a1, 19a2, 19b1, 
and 1 9b2, which are controlled by the controller 26. The 
MEM device 19a1 has sixteen inputs ip1 to ip16, which 
are connected to the WD demultiplexers 16 of the ports 
one to sixteen, respectively. The MEM device 19a1 has 
two sets of outputs, one set of column outputs corre- 
sponding to the resultant path of an optical signal that 
has been directed by an optical diverter in an activated 
state. The column outputs are labeled op1 to op16 in 
the figure. The other set of outputs are row outputs cor- 
responding to the path of an optical signal which is not 
directed by any optical diverters. That is, all of the optical 
diverters in the path of the optical signal are in a non- 
activated state (e.g. the optical diverter 50 shown in Fig. 
7). The row outputs of the MEM device 19a1 are con- 



nected to the inputs of the MEM device 19a2. The col- 
umn outputs of the MEM device 19a2 are labeled op17 
to op32. Likewise, the MEM devices 1 9b1 and 1 9b2 are 
connected in a similar manner for inputs ip17 to ip32 

5 and outputs op1' to op32\ Each of the column outputs 
op1 to op32 from the MEM devices 19a1 and 19a2 are 
combined with its respective row output op1' to op32* 
from the MEM devices 19b1 and 19b2. This is done us- 
ing thirty-two 2:1 combiners; one of such combiners 70 

10 is shown for port thirty-two. These combiners are single 
mode compatiole combiners. Both fused fiber couplers 
and Silica on Silicon waveguide structures are appropri- 
ate. Both of these technologies will add about 3 -3.5 dB 
of loss to the cross-switch budget. The combiner 70 

15 combines the outputs op32 and op32' to produce an out- 
put op32". An optical signal will appear at the output 
op32 or op32', depending on which input an optical sig- 
nal destined for port thirty-two is applied. For example, 
an optical signal applied to the input ip1 will be output 

20 at one of the outputs op1 to op32, whereas an optical 
signal applied to the input ip17 will be output at one of 
the outputs opV to op32\ The output of each 2:1 com- 
biner is connected to the WD multiplexer 20 of its re- 
spective output port, or to an input of the wavelength- 

25 converting switch as described earlier. Fig. 9a shows the 
outputs of the combiner 70 coupled to the input for the 
first channel wavelength of the WD multiplexer 20 and 
the resultant multiplexed signal is forwarded to the op- 
tical amplifier 22 for that port. Using this arrangement 

30 an optical switching element 19 of a given dimension 
can be implemented using MEMs of smaller dimension. 
In this case, the switching element 19 is realized using 
two pairs of smaller switching elements 1 9a1 , 1 9a2 and 
19b1, 19b2. 

35 [0088] Fig. 9b to 9d illustrate, in functional block dia- 
grams, other embodiments of the optical switching ma- 
trix 18, shown for the first channel wavelength. Several 
variations exist on the theme of using the through output 
port /third port of a MEMS device. One of these, already 

40 described with reference to Fig. 9a, is to make 32 x 32 
switches out of 16 x 16 switches. Such an approach is 
useful before 32 x 32 MEMs devices are readily com- 
mercially available. Another variation, shown in Fig. 9b, 
is to use four 32 x 32 MEMS modules to build a 64 x 64 

45 switching element for each channel wavelength. The re- 
sult is a 10240 x 10240 wavelength switch capacity, as- 
suming 160 channel wavelengths (160 x 64 = 10240). 
Again, each pair of respective outputs, for example op64 
and op64', are combined with a combiner 70. The output 

so of the combiner 70 is either coupled to a WD multiplexer 
20, as shown, or to an input of the wavelength-convert- 
ing switch 28. Still another variation, shown in Fig. 9c, 
is to partition the cross-connect switch 10 such that the 
initial implementation is 32 x 32 on an initial optical 

55 switching matrix card 72, with the provision of an expan- 
sion port 73. This expansion port 73 and an extension 
board 74 are used to extend the initial optical switching 
matrix card 72 to the size of 32 x 64. In this case an 
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identical switch having another 32 x 64 optical switching 
card 75, can then be used to create an expanded switch 
having double the capacity in terms of port count. In this 
case two alternatives exist for coupling together the out- 
puts. The first is shown in Fig. 9c, where per port per 5 
wavelength combiners 70 are provided, of which there 
would be sixty-four per wavelength, and therefore 64 x 
160 per switch. The output of each combiner would be 
connected to a respective channel wavelength input of 
a wavelength division multiplexer 20 assigned to the re- 10 
spective port (as shown), or to an input of the wave- 
length-converting switch 28 (not shown). The second 
approach, shown in Fig. 9d, is to reverse the sequence 
of combining outputs of the MEMs and multiplexing the 
combiner outputs. This approach can be used for out- is 
puts that are to be multiplexed and eventually coupled 
to output ports of the switch 10. However, for outputs 
that are to coupled to the wavelength converting switch 
28, these outputs should be combined in respective 
pairs (e.g. op64 and op64') before being coupled to the ?o 
wavelength-converting switch 28. Fig. 9d shows forty- 
eight outputs of the switching matrix 1 8 destined for out- 
put ports of the switch 10 and sixteen to be coupled to 
the wavelength converting switch 28 (i.e. N=48 and 
K=16). In this second approach two banks of wave- 25 
length division multiplexers 20a, 20b multiplex the out- 
put port destined outputs of the MEMs, one multiplexer 
per port multiplexing M channel signals. That is, the first 
bank of multiplexers 20a, multiplexes the outputs op1 to 
op48 using one multiplexer per port, each multiplexer 30 
multiplexing M channel signals of distinct wavelength, 
and the second bank of multiplexers 20b, performing the 
same function for ports op1 ' to op48\ The resultant mul- 
tiplexed signals of the banks 20a, 20b are combined on 
a port-by-port basis by respective combiners 70a. Two 35 
such resultant multiplexed signals 77a and 77b are 
shown in the figure. The output of each combiner 70 is 
then applied to a respective optical amplifier 22 for the 
port. The outputs, op49 to op64 and op49' to op64', are 
combined in respective pairs and each combined output 40 
is coupled to an input of the wavelength-converting 
switch 28 in the same manner as described earlier with 
reference to Fig. 9c. For example, Fig. 9d shows the out- 
puts op64 and op64' connected to the combiner 70b, 
the resultant combined output of which is then for cou- 45 
pling to the wavelength-converting switch 28. This sec- 
ond approach increases the number of output WDM 
multiplexers 20a, 20b from 64 to 128, but reduces the 
number of combiners 70 from 1 0240 (i.e. 64 x 1 60) down 
to 2608 (i.e. 16 x 160 + 48). The second approach also so 
simplifies cabling. Both of the variations shown in Figs. 
9c and 9d use two-port and three-port MEMs to allow 
the optical telecommunications switch to expand in the 
ports per wavelength direction. 

[0089] Fig. 9e illustrates, in functional block diagram, 55 
still another embodiment of the optical switching matrix 
18, shown for the first channel wavelength. The optical 
switching element is comprised of four three-port P x P 



MEMs, which are referenced generally as 19c. The 
three-port MEMs 19c have interchangeable input and 
output ports and an expansion port, which acts as an 
input expansion port or an output expansion port, de- 
pending on whether the input and output ports are "nor- 
mal" or "reversed". When the expansion port (third port) 
acts as an input expansion port it is aligned with the out- 
put port, as is the case with the MEMs 19d2 and 19d4. 
When the expansion port acts as an output expansion 
port it is aligned with the input ports, as is the case with 
the MEMs 19c1 and 19c3. MEMs 19c1 and 19c3 have 
an expansion output port Eo as the third port, and MEMs 
19c2 and 19c4 have an expansion input port Ei as the 
third port. Operation of the MEMs 19c1 and 19c3 are of 
the same as the MEMs discussed earlier with reference 
to Figs. 7 to 9d. In the case of the MEMs 19c2 and 19c4, 
the inputs of the expansion input port Ei of these MEMs 
are physically aligned with respective output ports (O) 
of these devices. An optical signal from an expansion 
input port (Ei) input will exit the MEMs from the respec- 
tive output if none of the deflection mirrors in the column 
corresponding to the output has been activated into an 
upright position. In this way, any output of the MEMs 
1 9c2, 1 9c4 can either emit an optical from its respective 
expansion input port or from an input port (I) of the 
MEMs. 

[0090] lnFig.9e,theMEMs19c1 is the original MEMs 
device, that is, before addition of MEMs 19c2 to 19c4, 
to expand switching element 1 9. Inputs 1 to P from input 
ports 1 to P of the switching matrix 18 are connected to 
the input port (I) of the MEMs 1 9c1 . The input port (I) of 
MEMs 19c2 is coupled to the expansion output port Eo 
of the MEMs 19c1, and output 1 to P of the switching 
matrix 1 8 are coupled to the output port of MEMs 1 9c2. 
The output port (O) of MEMs 1 9c3 is coupled to the input 
expansion port Ei of the MEMs 1 9c2, and has inputs P+1 
to 2P from the now expanded switching matrix 1 8 cou- 
pled to its input port (I). The input port (I) of the MEMs 
19c4 is coupled to the expansion output port Eo of the 
MEMs 1 9c3, and has outputs P+1 to 2P of the expanded 
switching matrix 1 8 coupled to its output port (O). In this 
arrangement any of the inputs 1 to 2P of the expanded 
switching matrix 18 can be switched to any its outputs 
1 to 2P. Hence the original P by P switching element 19 
has been expanded to a 2P by 2P switching element 
without the use of combiners 70, which saves about 
2-3dB in optical power loss. Again, N inputs and N out- 
puts of the switching matrix 18 shown in Fig. 9e would 
be coupled to input and output ports of the switch 10 
through WD demultiplexers 1 6 and WD multiplexers 20, 
respectively. Another K inputs and K outputs of the 
switching matrix 1 8 would be coupled to the wavelength- 
converting switch 28. 

[0091] Fig. 9f illustrates, in functional block diagram, 
yet another embodiment of the optical switching matrix 
18, shown for the first channel wavelength. The optical 
switching element is comprised of four P by P four-port 
MEMs 1 9d1 to 1 9d4, referred to generally as MEMs 1 9d. 
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Each of the MEMs 19d1 to 19d4 has an input port (I), 
an output port (O), an expansion output port Eo, and an 
expansion input port Ei. In this arrangement the original 
MEMs 1 9d1 provides support for P inputs and P outputs 
before expansion of the switching element 19. After ex- 
pansion, by the addition of the MEMs 1 9d2 to 1 9d4, the 
switching element 19 supports 2P inputs and 2P out- 
puts. The interconnection of the MEMs 19d1 to 19d4 is 
the same as the MEMs 19c1 to 19c4 in Fig. 9e. The 
fourth port of the MEMs 19d1 to 19d4 is used for con- 
nection to the wavelength-converting switch 28. The ex- 
pansion output ports Eo of the MEMs 19d2 and 19d4 
have outputs 1 to P and P+1 to 2P, respectively, which 
are coupled to inputs of the wavelength converting 
switch 28. The input expansion ports Ei of the MEMs 
19d3 and 19d1 have inputs 1 to P and P+1 to 2P, re- 
spectively, which are coupled to outputs of the wave- 
length-converting switch 28. In this arrangement an out- 
put 1 to P from the wavelength-converting switch 28 can 
be passed to a respective output 1 to P of the switching 
element 19, via the MEMs 19d3 and 19d2. Similarly, an 
output N+1 to 2P from the wavelength-converting switch 
28 can be passed to a respective output P+1 to 2P of 
the switching element 1 9, via the MEMs 1 9d1 and 1 9d2. 
An advantage of this arrangement over the previous ex- 
pansion arrangements described in Figs. 9a to 9e, is 
that input ports (I) and output ports (O) of the MEMs are 
not required for connection to the wavelength-convert- 
ing switch 28. This connection is achieved through the 
expansion input ports (I) and expansion output ports (O) 
of the MEMs 19d1 to 19d4. Therefore, a 2P by 2P 
switching element 1 9 constructed as such with four-port 
MEMs can provide full interconnection between its 2P 
inputs and 2P outputs as well as provide connection of 
its 2P inputs to the wavelength-converting switch 28. 
However, such a 2P by 2P switching element 1 9 no long- 
er has the ability to concentrate signals to be converted 
into a smaller number of ports (i.e. less than 2P) con- 
nected to the wavelength-converting switch 28. The lack 
of this ability places constraints on the implementation 
of the wavelength-converting switch 28. However, em- 
bodiments of the wavelength-converting switch 28 that 
are compatible with these constraints will be discussed 
later in this document. 

[0092] It should be clear that embodiments of the 
switching matrix 18 shown in Figs. 9a to 9f that imple- 
ment schemes for expanding the switching capacity of 
an original switching matrix 18 exploit a particular prop- 
erty of MEMs devices. That is, these embodiments 
make use of the fact that the through path has a smaller 
loss (~ 1dB) than the switched path (~5dB) in order to 
tandem multiple MEMs devices without incurring exces- 
sive losses. This is particularly important in the context 
of a photonic switch having a link budget which the 
switched path and through path losses have to remain 
within. Fig. 9g illustrates, in functional block diagram, 
yet another embodiment of the optical switching matrix 
18, shown for the first channel wavelength. The optical 



switching element is comprised of one P by P four-port 
MEMs 19d. The switching matrix 18 provides full inter- 
connection between its P input ports and its P output 
ports, that is any one of the P inputs can be switched to 

5 any one of the P outputs. The switching element 1 9 fur- 
ther provides interconnection of all P inputs to the wave- 
length-converting switch 28, through the expansion out- 
put ports Eo of the MEMs 1 9d. Furthermore, the switch- 
ing element 1 9 provides interconnection of all P outputs 

10 from the wavelength-converting switch 28, through the 
expansion input ports Ei of the MEMs 19d. However, it 
should be noted that each input of the MEMs 19d cor- 
responds to a respective expansion port output, which 
is aligned with the particular input, hence an optical sig- 

15 nal arriving at an input can not be switched to a different 
expansion port output. Likewise, each expansion port 
input of the MEMs 19d is aligned with a respective out- 
put and can not be switched to a different output. Such 
a 2P by 2P switching element 1 9 no longer has the ability 

20 to concentrate signals to be converted into a smaller 
number of ports (i.e. less than 2P) connected to the 
wavelength-converting switch 28. The lack of this ability 
places constraints on the implementation of the wave- 
length-converting switch 28. However, embodiments of 

25 the wavelength-converting switch 28 that are compati- 
ble with these constraints will be discussed later in this 
document. 

[0093] Fig. 10 illustrates, in a functional block dia- 
gram, a second embodiment of the wavelength-convert- 
30 ing switch 28. The wavelength-converting switch 28 in- 
cludes K channel convertors 80. Each channel conver- 
tor 80 has M inputs and M outputs. There is one input 
and one output for each channel wavelength. Each op- 
tical switching matrix 18 for a particular channel wave- 
35 length has an inter-matrix output connected to the input 
for the corresponding channel wavelength and an inter- 
matrix input connected to the o utput for the correspond- 
ing channel wavelength of each channel convertor 80. 
[0094] As noted above with reference to Fig. 3, typi- 
40 cally 25% of the inputs and outputs of the optical switch- 
ing matrix 18 are connected to the wavelength-convert- 
ing switch 28. Thus, a channel convertor is required for 
each of these input/output connections. Accordingly, 
K=8 in the case of the optical switching matrices 1 8 be- 
45 ing 32 x 32 matrices. Furthermore, as shown in Fig. 3, 
there are R inputs/outputs on the wavelength-convert- 
ing switch 28 for add/drop traffic. 
[0095] As shown in figure 8, the R drop outputs and 
the R add inputs are distributed equally among the K 
so cards, resulting in R/K drop outputs and R/K add inputs 
per card. Each channel convertor 80 has a M x L optical 
switch 82 connected to the inputs of the wavelength- 
converting switch 28. Since there are K channel conver- 
tors 80, the number of inputs that the wavelength-con- 
55 verting switch 28 has is K*M, which equals 1 280 inputs. 
The wavelength-converting switch 28 also has 1280 
outputs. A subset L of the outputs of the M x L optical 
switch 82 are each connected to respective optical re- 
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ceivers 84. In this embodiment the number L equals 32, 
but could be any number less than or equal to M. The 
MxL optical switch 82 directs input optical signals to 
the optical receivers 84 according to its connection map, 
which is determined by the controller 26. Each optical 
receiver 84 converts a received input optical signal into 
an electrical signal and outputs the electrical signal to a 
selector 90 (or small electrical switching fabric). The se- 
lector 90 includes the R/K inputs for adding channel sig- 
nals and the R/K outputs for dropping channel signals. 
Optionally, a bus 91 interconnects the selector on each 
of the K channel convertors 80. The bus 91 has a width 
of K*L (i.e. L connections driven by a selector 90 on each 
of the K channel convertors 80). The controller 26 con- 
trols the operation of adding and dropping channel sig- 
nals via the selector 90. This operation is shown as be- 
ing done with electrical signals however the selector 90 
could include opto-electric conversion capabilities to 
add/drop optical channel signals. The selector 90 for- 
wards electrical signals to a tunable optical source 86. 
There are L tunable optical sources 86. Each tunable 
optical source 86 is operable over a range of M channel 
wavelengths. Currently available tunable sources typi- 
cally have a tunable range of thirty-two channel wave- 
lengths, however this range is increasing. Each tunable 
optical source 86 receives an electrical signal from the 
optical receiver 84 to which it is connected and outputs 
an output optical signal, which contains information 
present in the input optical signal, to an L x M optical 
switch 88. The output optical signal has a channel wave- 
length equal to the wavelength at which the controller 
26 has set the tunable source 86. The L x M optical 
switch 88 directs output optical signals, according to its 
connection map set by the controller 26, to the outputs 
of the channel convertor 80. 

[0096] The operation of the channel convertor 80 will 
now be further explained by way of example. An optical 
signal Sc1 , of channel one wavelength, is applied to the 
first channel convertor 80 at the first input of the M x L 
optical switch 82. The optical signal Sc1 is directed by 
the M x L optical switch 82 to the first optical receiver 
84. The first optical receiver 84 converts the information 
contained in the optical signal Sc1 into an electrical sig- 
nal Ec1. The electrical signal Ed passes through the 
selector 90 and is applied to the first tunable source 86. 
The first tunable source 86 has been set to output an 
optical signal at the channel twenty wavelength. The first 
tunable source 86 outputs an optical signal Sc20, which 
contains the information in the electrical signal Ed, to 
the first input of the L x M optical switch 88. The L x M 
optical switch 88 directs the optical signal Sc20 to the 
twentieth output of the channel convertor 80. The optical 
signal Sc20 is then further directed by the optical switch- 
ing matrix 18 assigned to channel twenty. 
[0097] In the case that the optical switching matrix 1 8 
shown in either of Figs. 9e or 9f is used in the switch 1 0, 
then the wavelength-converting switch 28 would com- 
prise P channel convertors 80 (i.e. K=P) and the bus 91 



with a width P* L. The bus 91 would then provide a sim- 
ilar degree of interconnectivity between the ports of the 
wavelength-converting switch 28, as the embodiment 
described earlier with reference to Fig. 4a. 
5 [0098] A physical implementation of the embodiment 
of the wavelength-converting switch 28 shown in Fig. 10 
would easily be realized in a manner similar to that 
shown in Fig. 4b. That is, the channel convertors 80 
would be implemented on separate circuit cards with the 
10 bus 91 interconnecting the cards, and each of the cards 
connected to each of the switching matrices 1 8. 
[0099] Fig. 11 illustrates, in a functional block dia- 
gram, a third embodiment of the wavelength converting 
switch shown in Fig. 3. This embodiment includes K/S, 
is S*M x S*M channel convertors 92, where M=160 and 
S=2 in Fig. 1 1 . Selection of a value for S will be explained 
later. The structure of the channel convertor 92 will be 
explained with reference to Figs. 1 3 to 1 5 which provide 
tables specifying interconnections between compo- 
se nents of the channel convertor 92. The channel conver- 
tor 92 has S*M inputs and S* M outputs. The inputs and 
outputs are arranged in S banks, in this case there are 
two banks, bankl and bank2. Each bank has an input 
and an output for each of the channel wavelengths. That 
25 is, there are M inputs and M outputs per bank. The in- 
puts/outputs of the banks connect to inter-matrix out- 
puts/inputs of the appropriate switching matrices ac- 
cording to their channel wavelength. In the present em- 
bodiment of the switch 10, where K=8, the wavelength- 
30 converting switch includes four 2M x 2M channel con- 
vertors 92. 

[0100] The channel convertor 92 includes an optical 
switch100 (OXC_A), which comprises five 32 x 32 opti- 
cal switches OXC1 to OXC5. The optical switch 100 is 

35 connected to the first bank of inputs via an interconnect 
102 (interconnect). The interconnect 102 connects 
the inputs of bankl, to the inputs of the optical switch 
100 according to table 1 in Fig. 13. For example, table 
1 shows that the input is connected to the input 11 of the 

40 32 x 32 optical switch OXC1 . The remaining inputs of 
the optical switch OXC1 are connected to every fifth in- 
put of bankl (e.g. 12 connected to 13 to and so on). Sim- 
ilarly, the optical switches OXC2 to OXC5 have inputs 
connected every fifth input of bankl starting at input to , 

45 respectively, as shown in tablel . The channel convertor 
92 also includes another optical switch 1 04 (OXC_B) 
and another interconnect (interconnect_B) connected in 
a similar manner to the inputs of bank2, as shown in 
table2 of Fig. 13. 

so [0101] The channel convertor 92 further includes a 
wavelength convertor 1 08 which is connected to the op- 
tical switches 100, 104 (OXC_A and OXC_B) via an in- 
terconnect 110 (interconnect^). The wavelength con- 
vertor 1 08 includes ten convertor modules 1 06, labelled 

55 G1 to G10. Each convertor module 106 includes up to 
32 tunable transponders, a 32 x 32 optical switch, 32 
inputs labelled 1(1:32) and 32 outputs labelled 0(1:32). 
The convertor module 106 will be described in more de- 
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tail later. The value of S, referred to earlier, is chosen to 
match the range of the tunable transponders to the size 
of the optical switches in the convertor modules G1 to 
G10. In this case, the transponders have a range of 16 
channel wavelengths and the optical switches are 32 x 
32, hence S is 32/16=2. The interconnect 110 connects 
the inputs of the wavelength convertor 108 to the out- 
puts of the two optical switches 100, 104, as shown in 
table 3. For example, the first ten outputs of the optical 
switch OXC1 (01 to 01 0) are connected to the first input 
of the convertor modules G1 to G10, respectively. Like- 
wise, the second and third sets often outputs (01 1 - O20 
and 021- O30) of the optical switch OXC1 are connect- 
ed to the second and third inputs of the convertor mod- 
ules G1-G10, respectively. The remaining two outputs 
031 and 032 of the optical switch OXC1 are connected 
to the thirty-first inputs of the first and second convertor 
modules G1 and G2, according to table 3. The remain- 
ing optical switches OXC2 to OXC5 of the optical switch 
100 (OXC_A) are connected in a similar manner as 
shown in table3 of Fig. 14. Similarly, the outputs of the 
optical switch 1 04 (OXC_B) are connected to the wave- 
length convertor in a similar manner, as shown in table3. 
[0102] The outputs of the wavelength convertor 108 
are connected to the two banks of outputs via another 
interconnect 112 (interconnect_D), as shown in table4 
of Fig. 1 5. For example, the first sixteen outputs 01-016 
of the convertor module G1 are connected to the first 
sixteen outputs of bankl , respectively. The remaining 
sixteen outputs 017-032 are connected to the first six- 
teen outputs of bank2, respectively. The remaining con- 
vertor modules G2 to G10 are connected in a similar 
manner to the remaining outputs in the banks, according 
to table4. 

[01 03] The wavelength convertor 1 08 also has add in- 
puts and drop outputs for adding/dropping channel sig- 
nals. Since the wavelength converting switch 28 pro- 
vides R of each such inputs/outputs then each 2M x 2M 
channel convertor, and hence each wavelength conver- 
tor 108, provides 2R/K add inputs and 2R/K drop out- 
puts. This will be explained in more detail later. 
[01 04] The controller 26 controls the operation of the 
optical switches 1 00, 1 04 (OXC_A and OXC_B) and the 
wavelength convertor 108. 

[0105] The interconnects 102, 103, 112 
(interconnect_A interconnect and lnterconnect_D) 
would typically be implemented as optical fiber connec- 
tion. However, the interconnect 110 (interconnect_D) 
could be optical fiber, but could additionally include sev- 
eral 32 x 32 optical switches which interact with the op- 
tical switches 100,104 and the optical switches in the 
convertor modules G1 to G10 to create a standard 
CLOS arrangement. 

[01 06] Operation of the third embodiment of the wave- 
length-converting switch 28 will now be further ex- 
plained by way of example. A channel signal Sc1 of a 
first wavelength arrives at the first input of bankl. The 
interconnect 102 (interconnect_A) connects the signal 



Sc1 to the first input 11 of the optical switch OXC1 which 
routes the signal Sc1 to its tenth output 01 0. The inter- 
connect 110 (interconnect^C) connects the signal Sc1 
to the first input 11 of the tenth convertor module G10. 

5 The tenth convertor module G10 receives the signal 
Sc1 , converts it to another channel signal Sc160 of the 
160 channel wavelength, and routes the signal Sc160 
to its sixteenth output 016. The interconnect 112 
(interconnect^ ) connects the signal Sc1 60 to the 1 60th 

10 output of bankl where it is output from the wavelength- 
converting switch 28, into one of the ports on the optical 
switching matrix 18 associated with the channel wave- 
length, 

[0107] Fig. 12 illustrates in a functional block diagram 

15 an embodiment of a converter module 1 06 shown in Fig. 
11. The convertor module 106 includes receivers 114, 
connected to the inputs 11 to I32, a selector 1 1 5 connect- 
ed to the outputs of the receivers 114 for add/drop ca- 
pability, and tunable transponders 116, connected to the 

20 outputs of the selector 115. The tunable transponders 
116 are tunable over a range of sixteen channel wave- 
lengths in this embodiment. The convertor module 106 
is provisionable for up to 32 tunable transponders. How- 
ever, options exist where some of the tunable trans- 

25 ponders can be replaced by fixed transponders. Each 
receiver 114 can receive a channel signal of any of the 
M wavelengths, and convert the received channel signal 
to an electrical signal. The selector 115 is used to add/ 
drop electrical signals in/out of the convertor module. 

30 There are U add inputs and U drop outputs shown in 
Fig. 12, where U=2R/10K. The value for U is derived 
from the total number (R) of add/drop inputs/outputs for 
the wavelength converting switch 28 divided by the 
number of S*M x S*M channel convertors (K/2) divided 

35 by the number of wavelength convertor modules (10). 
The outputs of the transponders 116, are connected to 
the inputs of a 32 x 32 optical switch 118. The optical 
switch 118 routes each channel signal it receives to an 
output according to the wavelength of the channel signal 

40 being routed. Operation of the tunable transponders 1 1 6 
and the optical switch 118 is under control of the con- 
troller 26. 

[0108] Figs. 13 to 15 are tables which respectively 
show the connections made by the interconnects A and 
45 B, interconnect C, and interconnect D of Fig. 11 . 

[01 09] A physical implementation of the embodiment 
of the wavelength-converting switch 28 shown in Fig. 1 1 
would easily be realized in a manner similar to that 
shown in Fig. 4b. That is, the channel 2M x 2M conver- 
se tors 92 would be implemented on separate circuit cards 
with each of the cards connected to each of the switch- 
ing matrices 1 8. 

[0110] With reference to Figs. 16a and 17, the physi- 
cal arrangement of the switch 10 will now be described. 
55 The basic switch physical structure includes two arrays 
of circuit cards arranged physically orthogonal to each 
other. One plane of the physically orthogonal arrange- 
ment consists of per lambda switching circuit cards 216 
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while the other orthogonal plane consists of I/O circuit 
cards 202 (i.e. tributary/WDM cards) and wavelength 
convertor circuit cards 214, which also have add-drop 
ports. Only one wavelength convertor circuit card 21 4 is 
shown in Fig. 1 6a for clarity, however there could be sev- 5 
eral as described earlier with reference to Fig. 4b. This 
arrangement facilitates an array of optical connections 
between the cards, with every I/O card 202 and conver- 
tor card 214 having access to every switching card 216. 
The arrangement also eliminates any need for an optical 1 ° 
backplane since all the optical connections simply pass 
straight through a midplane 206, the function of which 
is primarily to provide mechanical alignment for the op- 
tical connections and electrical interconnect between 
the cards. 15 
[01 1 1 ] An input fiber 200 is coupled to the WD demul- 
tiplexer 16 on an I/O circuit card 202 and an output fiber 
204 is coupled to the WD multiplexer 20 on the same I/ 
O card. I/O circuit cards 202 are held in mechanical 
alignment with respect to the switching circuit cards 216 20 
by the midplane 206. This alignment is accomplished 
via alignment ferrules 210, which are mounted on and 
pass through the midplane 20, and by a plurality of op- 
tical connectors 208, 218 mounted adjacent an edge 
203, 21 7 of the I/O circuit cards 202 and switching circuit 25 
cards 216, respectively. The controller 26, implemented 
on a controller circuit card 212, and wavelength convert- 
ing switch 28, implemented on a convertor circuit card 
214, are also aligned by optical connectors 208 on the 
cards 212,214 which are inserted into the alignment fer- 30 
rules 210 on the midplane 206. Alternatively, the con- 
troller card 212 and convertor card 214 could be inter- 
face cards connected to a central controller 26 and cen- 
tral wavelength converting switch 28. These alternatives 
will be described later in more detail. 35 
[0112] Additionally, as is commonly used with circuit 
cards and midplanes, other hardware such as tracks 
and clamps (not shown) are used to hold the cards. 
There is a plurality of such I/O cards, however only one 
is shown in the Fig. 16 for clarity. Furthermore, there can 40 
also be a plurality of convertor circuit cards 214, depend- 
ing on the size of the wavelength-converting switch 28 
and how it is partitioned into circuit cards. All of the 
aforementioned circuit cards are arranged in a standard 
orientation with respect to the midplane 206 without the 45 
need for propagating optical signals along a backplane 
structure. That is, the circuit cards are spaced apart at 
standard intervals, are substantially parallel to each oth- 
er, and are perpendicular to the midplane 206. Besides 
providing mechanical alignment, the midplane 206 also so 
provides electrical connectivity and power to the I/O 
cards 202, controller cards 212, convertor cards 214 
and switching cards 216. 

[0113] There can be several optical switching matri- 
ces 18 per switching card 216. There is a plurality of 55 
switching circuit cards 216. Fig. 16a shows sixteen 
switching circuit cards 216 covering channel wave- 
lengths 1 to 160. The switching circuit cards 216 are ar- 



ranged in the previously mentioned standard orientation 
with respect to the midplane 206. However, each of the 
switching circuit cards 216 is on the opposite side of the 
midplane 206 with respect to the I/O circuit cards 202, 
convertor circuit cards 214, and controller circuit cards 
212, and is also in a perpendicular orientation with re- 
spect to the same cards. In this way, each I/O circuit 
card 202 is in close physical proximity to each switching 
circuit card 216 and can be communicatively coupled 
via respective optical connectors 208, 21 8 on the cards 
and by way of the alignment ferrules 210 on the mid- 
plane 206. 

[0114] For cross-connect switches 10 having a large 
number (P) of input/output ports, or a large number (M) 
of channel wavelength per port, the switch 10 can be 
configured with shelves, each shelf containing a subset 
of the circuit cards. Additionally, it may be desirable to 
include more than one optical switching matrix 18 on a 
switching circuit card 216, as shown in Fig. 16. For ex- 
ample, referring to the embodiment described earlier in 
which M=1 60 and P=32, each switching circuit card 216 
could include ten optical switching matrices 18, each 
matrix 18 for a separate channel wavelength. In this 
case, sixteen switching circuit cards 216 would be re- 
quired to support 160 channel wavelengths, ten switch- 
ing circuit cards 216 per shelf. 
[01 15] Fig . 1 6b is a perspective view of another phys- 
ical arrangement of the cross-connect switch of Fig. 3, 
which includes the wavelength-converting switch 28 of 
Fig. 4e. Only one wavelength convertor circuit card 214 
has been shown for clarity, although there could be sev- 
eral such cards (e.g. four) as described earlier with ref- 
erence to Fig. 4e. The circuit card 21 4 optically connects 
to the switching circuit cards 216 via connectors 208, 
218 (not shown) and alignment ferrules 210 as de- 
scribed earlier with reference to Fig. 1 6a. Transmit bank 
33 and receive bank 35 are coupled to the connectors 
208 via optical fibers. The interface 37 is connected to 
the transmit bank 33 and receive bank 35 as described 
earlier with reference to Fig. 4e. A connector 209, either 
optical like the connector 208, or an electrical connector, 
couples the interface 37 to the electrical switch 30 via 
the electrical, or optical, bus 39. The electrical switch 30 
is provided on a switch circuit card 21 5 and connects to 
the bus 39 via an alignment ferrule 211, similar to the 
alignment ferrule 210, in the case of an optical connec- 
tion, or a double-ended male type connector for an elec- 
trical connection. A connector (not shown) correspond- 
ing to the connector 209 is provided on the switch circuit 
card 215. 

[0116] With reference to Figs. 17 to 18c, the optical 
connectors 208, 218 and alignment ferrules 21 0 will now 
be described in further detail. The optical connector 208 
is mounted adjacent the edge 203 of an I/O circuit card 
206. The optical connector 208 is comprised of a hous- 
ing 220 mounted on the I/O circuit card 202 via elongat- 
ed, or slotted, through holes 222 and bolts or rivets (not 
shown). The longitudinal axis of the holes 222 is aligned 
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with the edge 203 of the circuit card 202. Mounting the 
housing 220 to the circuit card 202 in this manner allows 
movement of the connector 208 along a portion of the 
edge 203 of the circuit card 202, as shown by arrows 
(A) in Fig. 17. The range in movement of the connector 5 
208 should be sufficient to allow the connector 208 to 
be brought into alignment with the alignment ferrule 21 0 
and inserted in it. Typically, this range is in the order of 
a millimetre. The housing 220 houses a mating insert 
224 having a mating face 226, which faces in the same 10 
direction as the edge 203 of the circuit card 202. The 
mating face 226 has a pair of sockets 228 for receiving 
alignment pins 249 from the corresponding optical con- 
nector 2 1 8 mounted adjacent an edge 2 1 7 of a switching 
circuit card 216. The alignment pins 249 are precision is 
tungsten pins, or another hard, durable material. Other 
positive engagement, or alignment, features could be 
used as well or instead. An optical fiber ribbon cable 229 
having a plurality of optical fibers 230 is held in the mat- 
ing insert 224. Each fiber 230 has an end 232 that is 20 
flush with the mating face 226. A pair of leaf springs 234 
mounted in the housing 220 provides flexible biasing of 
the mating insert 224 in the direction that the mating face 
226 faces. The mating insert 224 is mounted in the hous- 
ing 220 such that it is moveable in the direction of the 25 
biasing and in the opposite direction, as shown by ar- 
rows B in Fig. 1 7. The result is the mating insert 224 can 
move in a direction transverse to the edge 203 of the 
circuit card 202 and in a plane parallel to the plane of 
the circuit card 202. The biasing helps ensure the optical so 
fibers of the connectors 208, 21 8 remain in a communi- 
catively coupled relationship when the connectors 208, 
218 are in the alignment ferrule 210. 
[0117] The corresponding optical connector 218 
mounted on the edge 217 of the switching circuit card 35 
216 is similar in structure to the optical connector 208 
described above. The difference is that it does not con- 
tain the sockets 228, but instead includes the alignment 
pins 249 and has been rotated by 90 degrees with re- 
spect to the card 21 6. The optical connector 21 8 has a *o 
housing 236, which houses a mating insert 238 having 
a mating face 240. The housing 236 is mounted adja- 
cent the edge 217 of the switching circuit card 216 via 
slotted through holes 242. This is done in a manner that 
allows movement of the housing 236 along the edge 21 7 45 
of the switching circuit card 216, as shown by arrows C 
in Fig. 1 7. A pair of leaf springs 243 provides biasing in 
the direction of the mating face 240. The mating insert 
238 is mounted such that it is moveable in the direction 
of the biasing and in the opposite direction, as shown so 
by arrows D in Fig. 17. An optical fiber ribbon cable 244 
having a plurality of optical fibers 246 is held in the mat- 
ing insert 238. Each fiber 246 has an end 248 which is 
flush with the mating surface 240 such that they achieve 
an optically coupled relationship with a respective fiber 55 
230 of the optical fiber ribbon cable 229 when the mating 
surfaces 226, 240 are brought into contact with each 
other. The plurality of optical fibers 230, 246 are con- 



nected to optical components such as WD demultiplex- 
ers 16, WD multiplexer 20, and optical switching matri- 
ces 18 on their respective circuit boards. 
[0118] The alignment ferrule 210 is mounted on the 
midplane 206 and extends through an opening 250 
therein. There are a plurality of openings 250 in the mid- 
plane 206 for mounting a plurality of the alignment fer- 
rules 210, one of such openings 250 is shown without 
an alignment ferrule 21 0 in Fig. 1 7. These openings 250 
are located at the intercepts of the switching circuit cards 
216 and the convenor circuit cards 214 (or I/O cards 
202, controller cards 212) to provide a path for optical 
connections between the cards 21 6, 214. The alignment 
ferrule 21 0 has an aperture 252 for receiving the mating 
inserts 224, 238. The alignment ferrule 21 0 has a cham- 
fered inner edge 254, 256 around the periphery on either 
side of the aperture 252 for assisting the mating inserts 
224, 238 into alignment. Alternatively the aperture 252 
could have a tapered inner surface which gradually re- 
duces the size of the aperture, reaching a minimum at, 
or near, the midpoint of the aperture 252 (as shown in 
Fig. 18c). In this case the mating inserts 224 and 238 
could further have chamfered, or sloped, corners 226a, 
b and 240a,b on their mating faces 226, 240, respec- 
tively. The mating face 226 has a ridge 258 aligned with 
the sockets 228 and the mating face 240 has a corre- 
sponding groove 260 aligned with the pins 249. The 
ridge 258 and the groove 260 are for assisting the mat- 
ing faces 226, 240 into alignment such that the pins 249 
can be inserted into the sockets 228, thereby aligning 
the fiber ends on the polished faces 232,248, to estab- 
lish an optical connection between the plurality of optical 
fibers 230, 246. 

[01 19] Both connectors 208, 218 require two degrees 
of movement within the plane of the midplane 206 un- 
less the alignment ferrule 210 is provided this freedom 
of movement (shown as arrows E in Fig. 1 7) by the man- 
ner in which it is mounted on the midplane 206. In the 
case where the alignment ferrule 21 0 is fixedly mounted 
on the midplane 206, a small amount of flexing of the 
circuit card (202, 212, 214, and 217) provides one de- 
gree of movement while the moveable manner in which 
the respective connector 208, 218 is mounted on its card 
(as described earlier) provides the other degree of 
movement. 

[0120] With reference to Fig. 18c the operation of the 
alignment features of the optical connectors 208, 218 
and alignment ferrule 210 will now be discussed in fur- 
ther detail. Precision in alignment in the order of at least 
1 -2 microns is required to optically connect the polished 
faces of the optical fibers 229, 244. Alignment progress- 
es in three stages; each stage providing a finer degree 
of precision in the alignment. The first stage is provided 
by the mechanical interaction of the chambered, or 
sloped, corners 226a,b and 240a,b with the correspond- 
ing chambered, or tapered, surfaces 254, 256 of the 
alignment ferrule 210. This first stage provides approx- 
imately one millimeter of alignment precision. The sec- 
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ond stage of alignment is provided by mechanical co- 
operation between the ridge 258 and corresponding 
groove 260 on the mating faces 226, 240 of the mating 
inserts 224, 238, respectively. This stage provides ap- 
proximately 20-1 00 microns of alignment accuracy. The 5 
final stage of alignment is provided by the engagement 
of the pins 249 in the sockets 228. This final stage pro- 
vides approximately 1 -2 microns of alignment accuracy. 
The details of the alignment of the fibers 229, 244 within 
respective alignment structures 224a,b and 238a,b will w 
be described with reference to Fig. 18d. 
[0121] Fig. 18d is a cross-sectional front view of the 
mating face 240 of the connector 218 taken along the 
line BB in Fig. 18c. Two etched silicon wafer slice align- 
ment structures 238a,b are housed in the mating insert 15 
238. Each structure 238a,b has fiber grooves 253 for 
aligning fibers 246 and pin grooves for aligning pins 249 
etched on one of its planar surfaces. The fibers 246 are 
stripped of their protective cladding before installation 
in the fiber grooves 253. The fiber grooves 253 are V- 20 
shaped with a side dimension (a) equal to approximately 
120 microns to accommodate a 125 micron fiber 246 
with allowance for an epoxy fill 251 between the struc- 
tures 238a,b. The thickness of the epoxy is set by com- 
pressing the structure 283a,b together thereby clamping 25 
the pins 249 and fibers 246 in position. The etched V- 
shaped grooves on the silicon are dimensioned such 
that the silicon clamps firmly on to the fibers when a gap 
of about 5-7 microns exists between the wafers. Hence 
the V-shaped grooves clamp the fibers into their loca- 30 
tions with high precision. The etched pin grooves 255 
are also V-shaped and have a side dimension (d) equal 
to about 245 micron to accommodate a tungsten pin 249 
of just under 250 microns in diameter and a maximum 
length in the order of 2000 microns (2mm) of protrusion 35 
beyond the mating insert 238. The pin could also be of 
square cross-section with a thickness of just under 250 
microns. The fiber grooves 253 are spaced apart at reg- 
ular intervals (b), measured from center to center of ad- 
jacent grooves, the interval (B) equal to about 250 mi- *o 
crons. This spacing results in a surface distance (c) be- 
tween the grooves of about 80 microns. The pins 249 
and fibers 246 are fixedly held between the alignment 
structures 238a,b by the epoxy fill 251 when hardened. 
The epoxy fill 251 also holds the alignment structures 45 
238a,b together in addition to forces provided by the 
mating insert 238 when the structures 238a,b and insert 
238 have been assembled together. Optionally a "float" 
space 257 between the mating insert 238 and alignment 
structure 238a,b, which is housed in an aperture in the so 
mating insert 238, can be provided to allow the pins 249 
to carry out the final alignment without fighting the other 
alignment features. The matting insert 224 of the con- 
nector 208 has the same structure except that the pins 
249 are replaced by sockets 228, which may additionally 55 
have ferrules inserted therein. 

[0122] With reference to Fig. 19, a second embodi- 
ment of the optical connectors 208, 218 and alignment 



ferrule 210 will now be described in further detail. The 
alignment ferrule 210 includes shutters 270a, 270b; 
each mounted at opposite ends of the aperture 252 via 
respective biased hinges 272a, 272b and covering the 
aperture 252 in a closed position. The shutters prevent 
particulate contaminants from entering the aperture 
252, as well as solving a problem of "eye-safety" en- 
demic in modern optical communication systems due to 
the optical intensity used, by blocking potentially harmful 
invisible infrared light emissions from a partially 
equipped shelf (e.g. when, or after, a circuit card has 
been removed from the midplane 206). Each shutter has 
a short side that extends past its respective biased hinge 
and a long side that covers the aperture 252. The shut- 
ters have a dust seal 271 on their inner surfaces, which 
prevents particulate contaminants from entering the ap- 
erture 252 of the alignment ferrule 21 0. The biased hing- 
es 270a, 270b, are mounted along an outer edge of the 
alignment ferrule 210 so that their longitudinal axis are 
parallel to the midplane 206. An activation arm 274 dis- 
posed on the optical connector 208 opposite the circuit 
card 202 opens the shutter 270a outwardly against the 
closing force of the biased hinge 272a. This is done by 
applying a force on the short side of the shutter 270a as 
the optical connector 208 is brought into connection with 
the alignment ferrule 21 0. The dust seals 271 come into 
contact with the exterior side face of the respective op- 
tical connector 208, 218 when the shutters 270a, 270b 
are fully open. This is to prevent contaminants from en- 
tering the aperture 210 both on insertion and withdrawal 
of the optical connectors 208, 218 and requires that, as 
well as cleaning the optical face of the connector (as 
would be normal procedure), the area protected by the 
shutter should be cleaned prior to circuit card insertion. 
Arrows labelled A and B indicate the motion of the acti- 
vation arm and the shutter 270a, respectively. An aper- 
ture 276 in the midplane 206 receives the activation arm 
274 as the optical connector 208 is inserted in the align- 
ment ferrule 210. The optical connector 218 has a sim- 
ilar activation arm 278 for outwardly opening the shutter 
272b against the closing force of the biased hinge 270b 
(see arrows C and D). A similar aperture 280 receives 
the activation arm 278 when the optical connector 218 
is inserted in the alignment ferrule 210. When either of 
the optical connectors 208 or 21 8 are removed from the 
alignment ferrule 21 0, the respective shutter 270a, 270b 
returns to the closed position thereby protecting the cor- 
responding optical connector 21 8 or 208, and alignment 
ferrule 210 from foreign matter. 
[0123] Fig. 20, depicts a third embodiment of the op- 
tical connectors 208, 218 and alignment ferrule 210 in 
which a pair of outwardly opening shutters 290a,b are 
mounted at each end of the aperture 252 via respective 
biased hinges 294. Fig. 20 shows only one side of the 
alignment ferrule 210, however identical shutters would 
also be included on the other side. The biased hinges 
294 bias the shutters to a closed position such that the 
aperture 252 is covered by the shutters 290a,b. The 
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hinges 294 are mounted along an outside edge of the 
aperture 252, their longitudinal axis parallel to the mid- 
plane 206 when the alignment ferrule 210 is mounted 
therein. The shutter 290a has an arm 291 extending 
past its respective hinge 294 at an acute angle (e.g. 50 
degrees) with respect to the alignment ferrule 210 for 
engaging the activation arm 278. Arc-shaped members 
296 having a toothed edge 296a are disposed at upper 
ends of the shutters 290a, 290b. The toothed edge 296a 
of the member 296 disposed on the shutter 290a engag- 
es the corresponding toothed edge 296a of the member 
296 disposed on shutter 290b, causing the shutter 290b 
to open outwardly when the shutter 290a opens out- 
wardly. As the optical connector 21 8 is brought towards 
the aperture 252, the activation arm 278 engages the 
shutter arm 291 causing the shutters 290a,b to open 
outwardly. In the opened position the shutters 290a,b 
reside alongside and in contact with either side of the 
housing 236. Arrows labelled A and B denote the motion 
of the optical connector 218 and shutters 290a/b, re- 
spectively. The shutters 290a, b each include a dust seal 
292 on their surface adjacent the aperture 252. Each 
dust seal comes into contact with an exterior side of the 
connector housing 236 when the shutter 290a,b is fully 
open. This helps to prevent entry of contaminants into 
the aperture 210 both during insertion and withdrawal 
of the connector 218. When the optical connector 218 
is removed, the shutters 290a,b return to their closed 
position with the dust seal maintaining contact with the 
alignment ferrule 210 and between the shutters 290a,b, 
thereby protecting the aperture 252 from foreign mate- 
rial. 

[0124] Fig. 21 shows a physical arrangement of a 
switching shelf 310 of the switch 10. In this case the 
switch 1 0 has been partitioned into a plurality of switch- 
ing shelves 310. The physical arrangement of the switch 
10 comprising switching shelves will be described later. 
The switching shelf 31 0 is similar to the switch 1 0 of Fig. 
16 except that it is configured to handle only 40 channel 
wavelengths instead of 160, which reduces the de- 
mands on technology density for an easier implementa- 
tion. This reduction in channel wavelengths per shelf 
31 0 also reduces the number of fibers in the optical con- 
nectors 208, 218 and the alignment ferrules 21 0, making 
the connectors 208,218 easier to manufacture. The 
switching shelf 310 includes 10 includes ten switching 
circuit cards 216, with each circuit card 216 having four 
optical switching matrices on-board. This allows each 
switching circuit card 216 to switch four channel wave- 
lengths. The WD multiplexer 20 and WD demultiplexer 
16, on the I/O circuit card 202, each have a forty- chan- 
nel wavelength capacity. Five fiber shuffle (FS) modules 
312 are included on each I/O circuit card 202 to provide 
interconnection between the WD multiplexer 20 and WD 
demultiplexer 16 and the optical connectors 208. Each 
optical connector 210 is an eight-way ribbon connector. 
The details of the fiber shuffle module 312 are shown in 
Fig. 22. The controller circuit card 21 2 and controller 26 



would only control this switching shelf 310 and would 
provide an interface to a central controller for controlling 
the entire switch 10. 

[0125] The card 214 in Fig. 21 could be a wavelength 

5 converting switch consisting of a number of receiver and 
transmitter transponders and an electrical fabric be- 
tween them. Preferably, it would be an interface and to 
a centrally located wavelength connecting switch 28 to 
prevent blocking problems associated with a large 

10 number of small switches. Considering the wavelength- 
converting switch 28 of Figure 4, the transponder ele- 
ments 32, 34 would preferably be on the card 214 with 
the electrical switch 30 in a separate shelf, connected 
either electrically or via low cost short wavelength, short 

15 reach ribbon optics. An optical crosspoint may be includ- 
ed on the card 214 to permit tunable lasers to be con- 
nected into various planes as needed, within the wave- 
length range of each tunable laser. Considering the 
wavelength-converting switch 28 of Figure 10, each 

20 group of channel converters 80 would be implemented 
as one card 214. Considering the wavelength-convert- 
ing switch 28 of Figure 11, all of the channel convenors 
92 would be implemented in a separate shelf, with the 
card 214 being an interface card with no functionality. 

25 Alternatively in the latter case, we may place optical 
cross-connect elements for OXC„A 100 and OXC_B 
104 along with elements for the wavelength converter 
108 on each card 214 and create a cabling juncture pat- 
tern at interconnects 110 between the cards. This 

30 would require that interconnects A, B, D (102, 103, and 
112) be partitionable into multiple parallel circuit packs. 
[0126] Fig. 22 illustrates the fiber shuffle module 312. 
The module 312 is comprised of two fiber ribbon cables 
312a and 312b, and has two input ports and two output 

35 ports. Each cable 312a, 312b has eight optical fibers 
and enters a respective input port of the module 312. 
The module 312 divides the cables so that four fibers 
from a cable go to one output port and the remaining 
four fibers go to the other output port. The fiber ribbon 

40 cable 312a is for connection of eight channel wave- 
lengths from the WD demultiplexer 16, at the input of 
the module 312, and for connection of two switching 
cards 21 6 at the output of the module. For example, via 
ribbon cable 312a, channel wavelengths 1 to 8 are cou- 

45 pled from the WD demultiplexer 1 6 to the first switching 
circuit card 216, for channel wavelengths 1 to 4, and to 
the second switching circuit card 216, for channel wave- 
length 5 to 8. Similarly, via ribbon cable 312b, channel 
wavelengths 1 to 4, from the first switching circuit card 

50 216, and channel wavelengths 5 to 8, from the second 
switching circuit card 216, are coupled to the WD mul- 
tiplexer 20. There are five fiber shuffle modules 31 2 per 
I/O circuit card 202 in order to connect the forty channel 
wavelengths multiplexed/demultiplexed by the card 202 

55 to a respective switching card 21 6. 

[0127] Numerous modifications, variations, and ad- 
aptations may be made to the particular embodiments 
of the invention described above without departing from 
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the scope of the invention , which is defined in the claims. 
For example, the electrical inter-matrix switch 30 in Fig. 
4 could be replaced with an optical switch which can be 
made out of a multi-stage array of MEMS devices since 
the cross-connect is sitting between transponder banks 5 
and is not part of the line system optical reach budget 
where loss is critical. 

[0128] The optical loss of a 32 x32 MEMS is likely to 
be about 5-8 dB, so the insertion loss of one pass 
through a switching matrix 1 8 does not approach the in- ™ 
ter-amplifier link budget (approximately 24 dB). 
[01 29] The plurality of receiver transponders 32 could 
convert optical signals to short reach optical signals if 
the output signals of the cross-connect switch 1 0 are 
only required to be routed to terminal equipment at the *5 
same node. 

[0130] The leaf springs 234, 243 of the optical con- 
nectors 208,218 could be any type of component suita- 
ble to provide flexible biasing of the mating inserts 224, 
238. For example, coil springs, pads of elastomeric ma- 20 
terial, or formations of flexibly resilient plastic are a few 
of the many alternatives that could be used in place of 
the leaf springs 234, 243. 

[0131] The slotted through holes 222,242 could be re- 
placed by other mounting means that allow some move- 25 
ment of the optical connector with respect to the circuit 
card upon which it is mounted in order to align mating 
faces 226, 240 with the respective sides of the aperture 
252. For example, the circuit cards 202,21 6 could have 
slotted holes in which pins, bolts, or rivets fastened se- 30 
curely to the optical connectors 208, 218 could move. 

Claims 

35 

1. An optical cross-connect switch, comprising: 

a plurality of optical switching matrices, each 
switching matrix having multiple input ports, 
multiple output ports, at least one inter-matrix 40 
input port and at least one inter-matrix output 
port, each switching matrix being operable to 
switch an optical channel signal arriving on any 
input port to either any one of a plurality of the 
output ports or an inter-matrix output port, and 45 
being operable to switch an optical channel sig- 
nal arriving on any inter-matrix input port to an 
output port, and each switching matrix being 
operable to switch optical channel signals hav- 
ing a respective distinct wavelength ; and so 

a wavelength-converting inter-matrix switch 
connected between the inter-matrix output 
ports of the switching matrices and the inter- 
matrix input ports of the switching matrices, the 55 
wavelength-converting inter-matrix switch be- 
ing operable to switch a signal arriving from any 
inter-matrix output port of any switching matrix 



to an inter-matrix input port of any of a plurality 
of the other switching matrices and being oper- 
able, in switching a first channel signal having 
a first wavelength from an inter-matrix output 
port of a first switching matrix to an inter-matrix 
input port of a second switching matrix, to con- 
vert the first channel signal having the first 
wavelength to a second channel signal having 
a second wavelength, 

2. A cross-connect switch as defined in claim 1, 
wherein each switching matrix is operable to switch 
a signal arriving on any input port to any of the out- 
put ports. 

3. A cross-connect switch as defined in claim 1, 
wherein each inter-matrix switch is operable to 
switch a signal arriving from any inter-matrix output 
port of any switching matrix to an inter-matrix input 
port of any of the other switching matrices. 

4. A cross-connect switch as defined in claim 1, 
wherein each switching matrix is operable to switch 
a signal arriving on any input port to any of a plurality 
of the inter-matrix output ports. 

5. A cross-connect switch as defined in claim 1, 
wherein each switching matrix is operable to switch 
a signal arriving on any inter-matrix input port to any 
of a plurality of the inter-matrix output ports and any 
of a plurality of the output ports. 

6. A cross-connect switch as defined in any preceding 
claim, wherein: 

each switching matrix has multiple inter-matrix 
output ports; 

the wavelength-converting inter-matrix switch 
comprises multiple switching elements con- 
nected in parallel; and 

each inter-matrix output port of a particular 
switching matrix is coupled to a respective one 
of the switching elements of the wavelength- 
converting inter-matrix switch. 

7. A cross connect switch as defined in claim 6, where- 
in: 

said switching elements are oriented into a first 
set of parallel planes; 

said switching matrices are oriented into a sec- 
ond set of parallel planes that are orthogonal to 
the first set of parallel planes; and 

each switching matrix of the second set of par- 
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allel planes is optically interconnected with 
each switching element of the first set of paral- 
lel planes. 

8. A cross-connect switch as defined in any preceding 
claim, wherein: 

the inter-matrix switch comprises at least one 
add input port and at least one drop output port; 

the inter-matrix switch is operable to couple an 
add input signal arriving at the add input port to 
an inter-matrix input port of any switching ma- 
trix; and 

the inter-matrix switch is operable to couple a 
signal arriving from an inter-matrix output port 
of any switching matrix to the drop output port. 

9. A cross-connect switch as defined in any preceding 
claim, further comprising: 

a plurality of wavelength division demultiplex- 
ers, each demultiplexer being operable to sep- 
arate an optical input signal into a plurality of 
output channel signals having respective dis- 
tinct wavelengths and to apply each output 
channel signal to a respective input port of a 
respective switching matrix such that each 
switching matrix receives only channel signals 
having a respective distinct wavelength; 

a plurality of wavelength division multiplexers, 
each multiplexer having a plurality of inputs, 
each respective input of each multiplexer being 
coupled to an output port of a respective switch- 
ing matrix to receive a respective channel sig- 
nal having a respective wavelength, each mul- 
tiplexer being operable to combine channel sig- 
nals having distinct wavelengths into an optical 
output signal. 

10. An optical network comprising at least one optical 
cross-connect switch of claim 9, wherein optical fib- 
ers couple the wavelength division multiplexers and 
demultiplexers to the optical network for respective- 
ly transmitting and receiving said optical output and 
optical input signals. 

11. A cross-connect switch as defined in any one of 
claims 1 to 9, wherein the wavelength-converting 
inter-matrix switch comprises: 

multiple optical receivers coupled to inter-ma- 
trix output ports of the switching matrices, the 
optical receivers being operable to convert 
channel signals arriving from the inter-matrix 
output ports to electrical signals; 



10 



multiple optical transmitters coupled to the in- 
ter-matrix input ports of the switching matrices, 
the optical transmitters being operable to con- 
vert electrical signals to channel signals having 
predetermined wavelengths; and 

an electrical switch connected between the op- 
tical receivers and the optical transmitters, the 
electrical switch being operable to switch an 
electrical signal from any optical receiver to any 
of a plurality of the optical transmitters. 



12. A cross-connect switch as defined in claim 11, 
wherein the electrical switch is operable to switch 

15 an electrical signal from any optica! receiver to any 
optical transmitter. 

13. A cross-connect switch as defined in claim 1, 
wherein: 



20 
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the wavelength-converting inter-matrix switch 
comprises an optical switch and a plurality of 
optical transponders connected to the switch; 

each optical transponder is operable to convert 
a channel signal having a first wavelength into 
a channel signal having a second wavelength; 
and 

the optical switch is operable to couple a chan- 
nel signal arriving from an inter-matrix output 
port of any switching matrix to an inter-matrix 
input port of any of a plurality of other switching 
matrices via an optical transponder. 



35 



1 4. A wavelength-converting switch for interconnecting 
optical switching matrices of an optical cross-con- 
nect switch, the wavelength-converting switch com- 
prising an optical switch and a plurality of optical 
40 transponders connected to the switch: 



each optical transponder being operable to 
convert a channel signal having a first wave- 
length into a channel signal having a second 
wavelength; and 



J 45 



50 



15. 



55 



the optical switch being operable to couple a 
channel signal arriving from an inter-matrix out- 
put port of any switching matrix to an inter-ma- 
trix input port of any of a plurality of other 
switching matrices via an optical transponder. 

A switch as defined in claim 13 or 14, wherein the 
optical switch is operable to couple a channel signal 
arriving from an inter-matrix output port of any 
switching matrix to an inter-matrix input port of any 
other switching matrix via a transponder. 
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16. A switch as defined in claim 13,14 or 15, wherein 
the optical switch is coupled between the inter-ma- 
trix output ports and the optical transponders. 

17. A switch as defined in any one of claims 13 to 16, 
wherein the optical switch comprises plural optical 
switching stages and the optical transponders are 
coupled between optical switching stages. 

18. A switch as defined in claim 17, wherein the optical 
switch comprises a multistage CLOS switch. 

19. A switch as defined in claim 13 or 14, wherein at 
least one optical transponder is a tunable optical 
transponder that is tunable to transmit channel sig- 
nals of selectable distinct wavelengths. 

20. A switch as defined in claim 13 or 14, wherein at 
least one optical transponder is a fixed wavelength 
transponder that is operable to transmit channel 
signals of a single wavelength. 

21 . An optical network comprising at least one switch 
of any one of claims 1 to 9 or 11 to 20, wherein op- 
tical fibers couple the optical switching matrices to 
the optical network via the input and output ports. 

22. An optical switching matrix, comprising first and 
second pairs of switching elements and a plurality 
of optical combiners; 

each pair of switching elements comprising a 
first switching element and a second switching 
element; 

each switching element comprising: 

a rectangular substrate having a plurality 
of input ports on a first side, a first plurality 
of output ports on a second side opposite 
the first side and a second plurality of out- 
put ports on a third side adjacent the first 
side and the second side; and 

a plurality of optical diverters aligned be- 
tween each input port and a corresponding 
output port on the second side, each divert- 
er being aligned with a respective output 
port on the third side and being movable 
from a first position, in which the diverter 
allows an optical signal incident from the 
input port to propagate in a direction toward 
the respective output port on the second 
side, to a second position, in which the di- 
verter diverts an optical signal incident 
from the input port toward a respective out- 
put port on the third side; 



for each of the first and second pairs of switch- 
ing elements, each input port of the second op- 
tical switching element being optically coupled 
to a respective output port of the first optical 
5 switching matrix; and 

each combiner being coupled to a respective 
output port of the first pair of optical switching 
elements and to a respective output port of the 
w second pair of optical switching elements. 

23. An optical switching matrix as defined in claim 22, 
wherein each combiner is coupled to the respective 
output port of the first pair of optical switching ele- 
15 ments via a first respective WDM multiplexer and is 
coupled to the respective output port of the second 
pair of optical switching elements via a second re- 
spective WDM multiplexer. 

20 24. A switching fabric for an optical cross-connect 
switch, the switching fabric comprising a plurality of 
optical switching matrices, each switching matrix: 

having multiple inter-node input ports and at 
25 least one intra-node input port for receiving in- 

coming optical channel signals, the incoming 
optical channel signals having a wavelength 
that is particular to that particular switching ma- 
trix; 

30 

having multiple inter-node output ports and at 
least one intra-node output port; and 

being operable to switch optical channel sig- 
35 nals arriving on any input port to any of a plu- 

rality of the inter-node output ports and the in- 
tra-node output port. 

25. A switching fabric as defined in claim 24, wherein 
40 each switching matrix is operable to switch optical 

channel signals arriving on any input port to any of 
the output ports. 

26. A switching fabric as defined in claim 24 or 25, fur- 
45 ther comprising: 

a plurality of wavelength division demultiplex- 
ers, each demultiplexer being operable to sep- 
arate an optical input signal into a plurality of 

50 output channel signals having respective dis- 

tinct wavelengths and to apply each output 
channel signal to a respective inter-node input 
port of a respective switching matrix such that 
each switching matrix receives only channel 

55 signals having the respective wavelength that 

is particular to that switching matrix; 

a plurality of wavelength division multiplexers, 
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each multiplexer having a plurality of inputs, 
each respective input of each multiplexer being 
coupled to an inter-node output port of a re- 
spective switching matrix to receive a respec- 
tive channel signal having a respective wave- 5 
length, each multiplexer being operable to com- 
bine channel signals having distinct wave- 
lengths into an optical output signal. 

27. A switching fabric as defined in claim 24, 25 or 26, 10 
further comprising an add/drop multiplexer coupled 

to the intra-node input port and intra-node output 
port of each switching matrix and being operable: 

to couple, to the intra-node input port of any 15 
switching matrix of the plurality of switching ma- 
trices, optical channel signals having the wave- 
length that is particular to that switching matrix; 
and 

20 

to receive, from the intra-node output port of 
any switching matrix of the plurality of switching 
matrices, optical channel signals having the 
wavelength that is particular to that switching 
matrix. 2 $ 

28. A method of cross-connecting optical channel sig- 
nals at an optical cross-connect switch comprising 
a plurality of switching matrices, the method com- 
prising: 30 

coupling each optical channel signal having a 
particular wavelength to an input port of a par- 
ticular switching matrix assigned to that partic- 
ular wavelength; and 35 

switching the optical channel signal in the par- 
ticular switching matrix to an output port select- 
ed according to a desired cross-connection of 
the optical channel signal. *o 

29. A method as defined in claim 28, wherein the step 
of switching the optical channel signal comprises 
switching the optical channel signal to an inter-node 
output port of the particular switching matrix when 45 
the optical channel signal is to be cross-connected 

to an optical channel having the same particular 
wavelength. 

30. A method as defined in claim 28, wherein the step so 
of switching the optical channel signal comprises 
switching the optical channel signal to an intra-node 
output port of the particular switching matrix when 

the optical channel signal is to be cross-connected 
to an optical channel having a wavelength other 55 
than the particular wavelength of the optical signal. 

31 . A method as defined in claim 30, further comprising: 



coupling the optical signal from the intra-node 
output port to a wavelength converter; 

converting the optical signal to an optical chan- 
nel signal having another wavelength; 

coupling the optical signal at the other wave- 
length to an intra-node input port of another 
switching matrix, the other switching matrix be- 
ing assigned to that other wavelength; and 

switching the optical channel signal in the other 
switching matrix to an output port selected ac- 
cording to the desired cross-connection of the 
optical channel signal. 

32. A method as defined in claim 28, wherein the step 
of switching the optical channel signal comprises 
switching the optical channel signal to an intra-node 
output port of the particular switching matrix when 
the optical channel signal is to be dropped at the 
cross-connect switch. 

33. An optical connection system for optically connect- 
ing circuit cards via a midplane, comprising: 

a first connector for connecting a first plurality 
of optical fibers coupled to a first circuit card, 
the first connector having a first mounting 
means for mounting the first connector adja- 
cent an edge of the first circuit card; 

a second connector for connecting a second 
plurality of optical fibers coupled to a second 
circuit card, the second connector having a sec- 
ond mounting means for mounting the second 
connector adjacent an edge of the second cir- 
cuit card; 

a first mating insert, disposed in the first con- 
nector, for aligning the first plurality of optical 
fibers in an optically coupled relationship with 
the second plurality of optical fibers; 

a second mating insert disposed in the second 
connector for aligning the second plurality of 
optical fibers in an optically coupled relation- 
ship with the first plurality of optical fibers; and 

an alignment ferrule for mounting in an opening 
in the midplane, the alignment ferrule having an 
aperture for receiving the first mating insert on 
one side of the alignment ferrule and the sec- 
ond mating insert on the other side of the align- 
ment ferrule, the aperture in the alignment fer- 
rule oriented to pass through the opening in the 
midplane when the alignment ferrule is mount- 
ed therein. 
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34. An optical connection system as claimed in claim 
33, wherein the first mating insert is flexibly biased 
such that the direction of biasing is substantially 
parallel and perpendicular to the plane and edge of 
the first circuit card, respectively, when the first con- 5 
nector is mounted thereon. 



the second connector further includes an arm 
disposed adjacent the second mounting 
means, the arm for engaging one side of the 
second shutter when the second connector is 
inserted into the aperture, thereby opening the 
second shutter. 



35. An optical connection system as claimed in claim 
34, wherein the second mating insert is flexibly bi- 
ased such that the direction of biasing is substan- 
tially parallel and perpendicular to the plane and 
edge of the second circuit card, respectively, when 
the second connector is mounted thereon 

36. An optical connection system as claimed in claim 
33, 34 or 35, wherein the first mounting means is 
operable to allow movement of the first connector 
along a portion of the edge of the first circuit card 
for aligning the first mating insert with one side of 
the aperture in the alignment ferrule. 

37. An optical connection system as claimed in claim 
36, wherein the second mounting means is opera- 
ble to allow movement of the second connector 
along a portion of the edge of the second circuit card 
for aligning the second mating insert with the other 
side of the aperture in the alignment ferrule. 

38. An optical connection system as claimed in any one 
of claims 33 to 37, wherein the first and second mat- 
ing inserts have respective first and second mating 
surfaces which have corresponding surface con- 
tours for aligning the first and second plurality of op- 
tical fibers. 

39. An optical connection system as claimed in any one 
of claims 33 to 38, wherein the first plurality of op- 
tical fibers extend past the first mating surface when 
mounted in the first connector and the second mat- 
ing surface has a plurality of sockets, each socket 
for receiving one fiber of the first plurality of fibers. 



42. A method of upgrading an optical cross-connect 
switch having a plurality of switching matrices, each 

10 switching matrix assigned to a respective channel 
wavelength and having multiple input and output 
ports, the method comprising the steps of: 

providing each switching matrix with an expan- 
ds sion port; 

providing a plurality of extension switching ma- 
trices, each extension switching matrix having 
multiple input and output ports; and 

20 

coupling a respective extension switching ma- 
trix to each switching matrix, via said expansion 
port and at least one of the input ports of the 
respective extension switching matrix, to form 
25 a plurality of expanded switching matrices. 

43. The method of claim 42, further comprising the 
steps of: 

30 providing another optical cross-connect switch 

having a plurality of said expanded switching 
matrices; and 

coupling each output port of an expanded 
35 switching matrix of the optical cross-connect 

switch to a respective output port of an expand- 
ed switching matrix of the another optical cross- 
connect switch. 

40 



40. The optical connection system of any one of claims 
33 to 39, wherein the alignment ferrule includes a 
first and second outwardly opening shutters mount- 45 
ed at each end of the aperture via respective biased 
hinges, the shutters covering the aperture in a bi- 
ased position. 



41. The optical connection system of any one of claim 50 
40, wherein: 



the first connector further includes an arm dis- 
posed opposite the first mounting means, the 
arm for engaging one side of the first shutter 55 
when the first connector is inserted into the ap- 
erture, thereby opening the first shutter; and 
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